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Abstract
Solid-state batteries (SSB) are a promising, next generation energy storage technology
for electric vehicles. These batteries employ a lithium metal anode and high voltage
cathode coupled with a solid electrolyte (SE). As a result, these batteries can provide
high energy density, improved safety and lower costs compared to conventional
Li-ion batteries.

While promising, this technology suffers from several lingering

challenges that need to be addressed in terms of materials development, processing
and integration. My thesis work involves material exploration for SE materials and
solution strategies for processing, performance and durability of SSBs. Specifically,
I have explored roll-to-roll processing of garnet-type SE materials for development
of thin-robust SE film which is critical in realizing high energy density SSBs.
Additionally, I have developed facile electrochemical approaches that can improve
interfacial resistance at anode | SE interface and eliminate dendrites upon their
formation from the bulk of the SE. I have revisited NASICON material family to
identify high performance SE material alternatives. Electrochemical and chemical
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ion exchange strategies were explored to assess the possibility of synthesizing Libased NASICON materials with high Li-ion concentration in rhombohedral symmetry.
Finally, a co-sintering process was explored for development of a dense-defect-free
composite cathode. The results of these studies is likely to provide pathways towards
development of high performing material alternatives for solid electrolytes, scalable
processing and integration as well as extended durability of operational solid-state
batteries.
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Chapter 1
Introduction
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Industrial revolution and its consequences have increased the energy consumption
of humans over the last two centuries[14, 15]. A direct impact of the increased
energy consumption in recent history is the emergence of climate change and global
warming[14, 15]. Among the current global issues outlined by the United Nations,
climate change is a central theme that needs to be addressed to ensure human
survival. Climate change has adversely impacted weather patterns, disturbed food
production cycles, and led to rising sea levels that increase the risk of destructive
flooding of coastal areas. As a direct[16] response to this challenge, most UN charter
members signed into action the Paris Agreement that is aimed at restricting the
global average temperature increase below 1.5 ◦ C[16]. A key technological challenge
to meet the environmental mandate laid down in the Paris Agreement is to mitigate
and capture anthropogenic greenhouse gas emissions over the coming years. This
entails a concerted effort from levels including policy and law-making, economical
transformations as well as significant scientific development[17, 18, 19].
Historical assessment of energy production in the US is shown in Fig. 1.1a. Coal,
natural gas and crude oil are the primary sources of energy[20, 21]. All these sources
are coupled with strong greenhouse emissions that contribute to the global warming.
Since 2000s, the adoption of renewable sources has shown a slight uptick, however
it is not adequate to offset the total energy requirements. To reach the greenhouse
gas emission limits set in place by the Paris Agreement, it is imperative that US
transitions to carbon-neutral or carbon-negative energy sources[22].

Decoupling

the energy demand by sector within the US (Fig. 1.1b), we observe that electric
2

power, industrial and transportation sector are the key energy consumption sectors
consistently over the last 70 years. In addition to this, looking at the greenhouse gas
emissions through these sectors, it is clearly observed that transportation contributes
a major fraction of greenhouse gas emissions followed by electric power and the
industrial sector (Fig.

1.1c).

Transportation causes significant greenhouse gas

emissions due to the consumption of gasoline or diesel combustion engines which
typically lead to the production of significant amounts of greenhouse gases. Within
the transportation sector, a major contributor is the light-duty vehicles that are
defined by the department of transportation as vehicles with < 8,500 lbs and represent
passenger cars.
In the past decade, there is a significant push to revolutionize this sector of
transportation by electrification and decarbonization of the same[23]. It is found
by numerous modeling studies carried out by a wide range of agencies that the
electrification potential of the transportation sector is higher compared to the other
sectors with significant impacts on lifetime greenhouse gas emissions for every internal
combustion engine vehicle replaced with an electrified alternative[24, 25, 26]. The
key technological roadblocks to the electrification of the transportation sector are the
energy density of current battery technology (leading to range anxiety) as well as the
concerns of safety of conventional Li-ion batteries[25]. In spite of this, most legacy
OEMs as well as new players in the automotive sector are increasing their research and
development into novel energy storage technologies that can address these concerns
and accelerate the electrification of the transportation sector.
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(a)

(b)

(c)

(d)

Figure 1.1: Statistical information for US (a) Primary energy production by source
trend (b) Energy consumption by sector trend (c) Total greenhouse gas emission by
economic sectors (d) Major sources for greenhouse gas emission in transportation
sector.
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1.1

Solid State Batteries

The development of high energy and power dense Li-ion batteries (LiBs) have led to
accelerated electrification of the transportation sector[27]. A lot of companies have
emerged that deployed LiBs in various platforms of the automotive sector. Consumer,
as well as producer facing government incentives, have pushed investment into
electrifying automotive sector[28]. Electric vehicles are a rapidly growing market with
Tesla leading the way. Current EV energy storage systems employ conventional Li-ion
battery technology. This technology was pioneered by the 2019 Nobel Prize winners
in Chemistry and has retained the basic structure since its inception. A conventional
Li-ion battery consists of an intercalation cathode material and a graphite anode
separated by a polymeric separator and the whole architecture is flooded with a liquid
electrolyte (Fig. 1.2a). The energy density of these systems is typically limited by
the capacity and potential of the electrodes. Though LiBs have achieved volumetric
and gravimetric energy density up to 770 Wh L−1 and 260 Wh kg−1 respectively,
it is reaching the limits for further improvement[29]. Charging infrastructure and a
limited driving range of EVs are the major challenges that inhibit the rapid growth of
the EV market. The Department of Energy’s Vehicle Technology Office is currently
projecting that the next-generation energy storage technologies for EV applications
should exceed 400 Wh/kg and lower costs to enable extended driving range and
promote the adoption of EVs.
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Figure 1.2: Schematic diagram highlighting the differences in properties of three
major classes of solid electrolytes.
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A key enabler of achieving these high energy densities is enabling the use of
high energy Li metal anodes coupled with high voltage/capacity cathodes[30]. The
operational electrochemical windows and the transport limitations of conventional
liquid electrolytes limit the use of conventional Li-ion technology in the Li metal
systems[31]. This has given rise to exploring solid-state batteries (SSBs) which can
theoretically provide very high energy and power density along with improved safety.
An SSB comprises of a Li-metal anode, a solid electrolyte (SE) and a composite
cathode (Fig. 1.2a)[32]. Transitioning from a liquid electrolyte to a solid electrolyte
potentially limits the challenges associated with the formation of dendrites as well
as flammability associated with liquid electrolytes. In addition, wide electrochemical
windows offered by some solid electrolytes along with alternate architectures (bipolar
stacking) can help achieve the proposed energy density metrics.

1.2

Solid Electrolytes

An ideal solid electrolyte have higher ionic conductivity, a wider chemical and
electrochemical stability window with anode and cathode and higher mechanical
strength.

Many SE systems have been developed and investigated for various

chemistries to enable ASSBs. SEs can be divided into main three categories: (1)
Inorganic (2) organic and (3) composite SEs[33]. Mainly, four main types of SE
are developed and explored that are inorganic materials such as (a) Garnet-type (b)
NASICON-type (c) perovskite-type and (d) sulfide-type (Fig. 1.3)[34].
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Figure 1.3: Schematic diagram highlighting the differences in properties of three
major classes of solid electrolytes.
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First report on garnet-type material dates back to 1969 (Li3 M2 Ln3 O12 (M=W or Te)).
Garnet-type materials have A3 B2 (CO4 )3 general formula, where A and B cations have
8 and 6-fold coordination respectively[35]. Thangadurai et al. reported Li5 La3 M2 O12
in 2003 which showcased high ionic conductivity and lead to further interest in the
development of garnet-based SE materials[36].
Followed by that, Li7 La3 Zr2 O12 (LLZO) SE was reported by Murugan et al. in
2007 which showed a very high ionic conductivity in the range of 10−4 S cm−1 at
room temperature (RT)[37]. This report created a lot of interest in this material
which followed a lot of investigation in LLZO SEs to tailor various properties like ionic
conductivity, electrochemical stability and mechanical strength via crystal structure
modification, chemical substitution and morphology modification[38, 39, 40]. It was
determined that LLZO has two crystal symmetry that is tetragonal and cubic among
which the cubic phase provides 2 orders of magnitude higher ionic conductivity
compared to tetragonal[41]. A lot of research followed this finding to stabilize the
LLZO phase to cubic via various elemental doping and substitution[40]. Generally,
two elements are substituted in the LLZO which are Li or Zr. Doping of Ta, Al, Nb,
Ga and Te have been investigated among which Ta-substituted Li6.4 La3 Zr1.4 Ta0.6 O12
showcased extremely high ionic conductivity (10−3 S cm−1 ) at RT[37, 42, 43, 44, 45].
Even though garnet-type SE shows excellent ionic conductivity and electrochemical
stability, their environmental stability is still an issue that needs to be resolved. In
contact with moisture, garnet-type SE forms an insulating Li2CO3 layer via Li+/H+
exchange[46].
9

NASICON-type materials have a general structure AM1M2(PO4 )3 (A can be
mono- or di- valent cation or vacant; M1 and M2 are generally transition metal
ions)[47]. NASICON crystal structure was first introduced by Hagman and Kierkegaard
in 1968 and named as a Sodium super ion conductor in 1976 by Hong[48, 49]. The
most popular NASICON, Na1+x Zr2 Six P3−x O12 (0 ≤ x ≤ 3), was developed by Hong
and Goodenough which provided high ionic conductivity (10−4 S cm−1 ) at room
temperature owing to the 3D ion-conducting pathways[50]. Li1+x Alx Ti2−x (PO4 )3
(LATP) and Li1+x Alx Ge2−x (PO4 )3 (LAGP) are widely studied SE materials due to
their high ionic conductivity (10−4 to 10−3 S cm−1 )[51, 52]. These materials are
stable in environmental conditions and don’t react with moisture, unlike garnet-type
SE. However, Ti4+ reduction in contact with Li-metal poses severe challenges towards
deployment of this SE in commercial SSBs[53]. NASICON material family has many
possible compositions available that have not been explored for SSB applications.
Zhou et al. have started to revisit the NASICON material family for the development
of high-performance SE[54]. Initial results with development of Li1.2 Mg0.1 Zr1.9 (PO4 )3
NASICON SE material showed high RT ionic conductivity (10−4 S cm−1 ) with good
electrochemical stability[54]. NASICON material properties are easily tunable by
doping and substitution and efforts are underway.
Perovskite-type materials have a general formula ABO3 , in which A and B
sites have 12-fold and 6-fold coordination respectively[55]. Li3x La2/3−x TO3 (LLTO)
perovskites are the most studied perovskites for SE material. This material has shown
very high bulk ionic conductivity (10−3 S cm−1 ) but due to high grain boundary
10

resistance, the achievable total ionic conductivity is very low (10−5 S cm−1 ) and
not suitable for SSB applications[56, 57]. Additionally, Ti4+ reduction in contact
with Li-metal anode poses more challenges towards the applicability of perovskites in
SSBs. Anti-perovskites have a general formula ABX3 (X = Cl− ,Br− ,I− ; B = O2− ; X
= Li+ )[58]. Li-rich Li3 OCl0.5 Br0.5 anti-perovskites have shown ionic conductivity of
10-3 S cm-1 at RT making them a promising candidate for further development[59].
Sulfide materials such as Li2 S-SiS2 have been studied for ion conductors since
1986[60, 61]. Sulfide glass electrolytes such as Li2 S-P2 S−5, Li2 S-SiS2 , Li2 S-B2 S3
and Li2 S-GeS2 have shown ionic conductivity in the range of 10−4 S cm−1 . The
report of Kamaya et al. on LGPS showcases the extremely high ionic conductivity
of 10−2 S cm−1 at RT which is even higher than liquid electrolyte spurred a lot
of interest towards R&D efforts on this material[62]. Even though this material
provides very high ionic conductivity, chemical and electrochemical stability with Limetal is still an issue[63]. Halides like Li9.54 Si1.74 P1.44 S11.7 Cl0.3 (LSPCl) showed RT
conductivity of 2.5 x 10−2 S cm−1 which is the highest reported Li-ion conductivity
in solid electrolytes[64]. Sulfides are generally sensitive to moisture which makes
the processing of these materials intricate. Hydrogen sulfide formed during moisture
exposure of sulfide SE is highly toxic which is limiting the commercialization of these
SE is SSBs.[65]
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1.3

Anode for Solid-State Batteries

Anode materials can be broadly classified into three major types based on the mechanism of ion storage and electrochemical reactions occurring within the material[66].The
most common and prevalent type of anode material is the intercalation anode (Fig.
1.4a)[67, 68, 69]. These materials typically possess a layered structure into which
Li-ion can reversibly insert (intercalate) during cycling of the battery[70]. Graphite,
like several other materials (viz. LTO[71, 72, 73], TNO[74]) is an intercalation type
anode material. Conventional Li-ion batteries employ graphite as the anode material
for hosting Li- ions for reversible intercalation and storage of electrochemical energy.
Graphite has a theoretical capacity of 372 mAh g−1 which is higher than most cathode
materials making it suitable as an anode material[75]. Graphite has demonstrated
high coulombic efficiency and cycling performance making it ubiquitous in secondary
lithium-ion batteries These materials typically possess lower theoretical capacities;
however, they are generally more stable and efficient electrodes. Alternate anode
materials can be of deposition or conversion type depending on whether the mobile ion
is depositing directly as a metal or as an alloy of a component respectively[30, 66, 76].
Alkali metals (Li, Na, etc.) are examples of deposition type anodes and they possess
the high theoretical capacity and relatively lower redox potentials[77]. Conversion
type materials are typically for alloys with the mobile ion (viz. In, Se, Si, etc.)
and these also possess the high theoretical capacity[78]. The major drawback for
the deposition and conversion type anode materials is the electro-chemo-mechanical
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stability which makes them harder to integrate into functional devices compared to
intercalation-type anode materials. Overall, typical reactions for each anode type can
be given as:

Intercalation : Li + 6C → LiC6 (≈ 372mAhg −1 )

(1.1)

Deposition : Li + +e− → Li(≈ 3860mAhg −1 )

(1.2)

Conversion : xLi + +Si + xe− → Lix Si(≈ 3579mAhg −1 )

(1.3)

Solid-state batteries rely on transitioning to high-capacity anode materials of
the deposition or conversion type in order to achieve the expected improvements
in the energy density. A comparison of nominal capacity of several key deposition,
intercalation and conversion type anode materials is provided in Fig.

1.4.

It

should be noted that the nominal capacities are plotted on a logarithmic scale. The
comparison highlights that intercalation anode materials have an order of magnitude
lower capacity compared to some conversion/deposition anode materials (375 mAh
g−1 for graphite; 3860 mAh g−1 for Li, 3590 mAh g−1 for Si). Mechanical properties
of materials are also of key interest for solid-state batteries in order to design solid
electrolytes that can mitigate filament growth. Conversion type anode materials
typically show higher Young’s modulus and shear modulus compared to intercalation
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and deposition type anodes (Fig. 1.4). Solid electrolyte materials should ideally have
shear modulus higher than the anode material in order to mitigate the growth of
filaments as proposed by Monroe and Newman[79, 80]. It should be noted that the
focus of anode studies with respect to solid-state batteries in the literature is primarily
with lithium metal[30]. Relatively fewer reports on intercalation and conversion anode
materials are reported and further work is anticipated in these material systems
moving ahead.
The key challenges with deposition type anodes, and specifically Li metal will be
discussed next. Controlling electrodeposition and electrodissolution morphology for
Li metal is imperative to achieving stable solid-state batteries. Specifically, stable
morphologies are required at the areal loading of ≈5 mAh cm−2 of reversible cycling
capacity at ≈5 mA cm−2 plating current density with high coulombic efficiency is
far from realization[81]. One major concern with lithium metal is the propensity for
filament growth leading to cell failure[82, 3, 83, 84]. Filament formation can have
significant negative impacts to the rate performance, power density and coulombic
efficiencies of SSBs. Filament growth typically stems from the non-uniform deposition
rate at the Li | SE interface. Interfacial kinetics heterogeneity at the Li metal
solid electrolyte interface initiates several degradation pathways including filament
formation limiting the stability and performance of solid-state batteries. In addition
to the growth of filaments, a high rate of electrodissolution from the Li metal can lead
to the formation of pores that can cause the onset of failure[84]. Direct evidence of
this was obtained from X-ray tomography measurements of Li | LLZO | Li symmetric
14

Figure 1.4: (a) Schematic diagram showing anode material type and operation
mechanism. (b) Nominal capacities and mechanical properties of some common anode
materials. (c) Schematic diagram highlighting the challenges with metallic anodes in
terms of flux imbalance at the interface of solid electrolyte and the formation of
reactive interphase at the electrode | electrolyte boundary.
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cells (Figure 1.4c). Tracking pore evolution during cycling which showed clear cycling
behavior (increase in porosity with stripping and decrease in porosity with plating).
Mass transport within the Li metal is thus a key challenge and understanding
the creep and flow behavior of Li is necessary to tune the performance of the
system.

The interphase formation can also occur during the integration of Li

metal with solid-electrolytes[85].

Depending on the thermodynamic stability of

the solid electrolyte material with lithium metal, three possible interphases can
result. These are (i) thermodynamically and kinetically stable (no reaction @ Li
| SE interface), (ii) Unstable (unmitigated reaction), and (iii) kinetically metastable
(controlled reaction @ Li | SE interface)[30, 77, 3]. With the exception of a few
materials (viz. LLZO, LiPON), most solid electrolytes undergo reaction with Li
metal due to inherent chemical and thermodynamic instability. For some materials,
like NASICON-type LAGP and LATP materials as well as LPS thiophosphates,
chemical and electrochemical reaction with Li metal lead to an unmitigated growth of
ionically insulating interphase coupled with volume expansion of the material[86, 87,
88, 89]. This leads to higher impedances, local stress generation and inhomogeneous
current distributions that can cause failure through filament formation, shorting or
mechanical fractures. On the other hand, the addition of stabilizing agents to the
solid electrolyte or the introduction of interlayers to these solid electrolytes can lead to
the formation of meta-stable interphase that is a mixed ionic and electronic conductor
leading to stable solid-state batteries.

16

Figure 1.5: Summary of key results from anode integration studies in solid state
batteries. (a) Potential response of Li | LLZO | Li cell under constant current of
0.1 mA cm-2 under varying stack pressures. Reprinted with permission from [1].
Influence of stack pressure on voltage increase for varying current densities for Na |
Alumina | Na cell with the inset showing the critical current density as a function of
applied stack pressure. Reprinted with permission from [2]. Porosity for two lithium
metal electrodes as a function of cycling steps obtained from X-ray tomography
measurements and machine learning segmentation. Reprinted with permission from
[3]. Silicon | LPS | Li cell cycling behavior. Silicon particles are spray coated on steel
current collectors. Areal loading and current density for the test were 55 µg cm−2
and 0.06 mA cm−2 respectively. Reprinted with permission from [4]. Potential profile
during pulsed lithiation on In metal at 0.2 mA cm−2 . LPS was used as the solid
electrolyte. Reprinted with permission from [5].
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Lithium metal stabilization is enabled by several strategies that can be broadly
classified into: (i) electrolyte modification[90, 91] (ii) interface modification[92, 93]
and (iii) operating parameter modification[1, 94, 9].

Electrolyte modification is

afforded by additives that can promote the formation of kinetically metastable
interphases[3].

For instance, LiI addition to LPS material in conjunction with

microstructure control led to improvement of critical current density from < 0.5 mA
cm−2 to > 4 mA cm−2 . Similarly, halide addition to a range of solid electrolytes
has shown improved performance in terms of ionic conductivity and critical current
density. Interface modification is typically carried out by introducing the use of
an interlayer barrier film at the anode | solid electrolyte interface. Atomic layer
deposition of materials like Al2 O3 , Si, Lix Al(2−x/3) O, LiXO3 (X = Ta, Nb) has shown
to improve the performance of lithium metal anodes[95, 96, 97, 98, 99]. However,
typically the introduction of interlayers is carried out by cost-, time- and equipmentintensive processes that limit the large-scale deployment of such strategies. Another
key strategy is a modification of operating conditions primarily, temperature and
pressure. Indeed, numerous studies have shown the importance of a critical stack
pressure in order to mitigate the mass transport limitations within lithium metal by
enhancing creep flow at higher pressures (Fig. 1.5a-b)[2, 94, 100, 101]. Overpotential
at constant lithium stripping current (0.1 mA cm−2 ) shows reversibly changing
overpotentials with modification of the stack pressure. Similarly, overpotential as a
function of applied current density shows a reduction of overpotential with increasing
stack pressure. Silicon and indium-based anodes also show promising performance
18

(Fig. 1.5d)[4, 5]. In summary, anode materials for solid-state batteries need to
provide high capacity with high-rate capabilities. Further work on the stabilization
of anodes under these conditions and demonstration of scalable integration approaches
is required for deployment.

1.4

Cathode and Full Cell Integration

The areal capacities of composite cathodes need to be at least 5 mAh cm−2 in order
to achieve energy densities that are relevant to EV[81, 31]. Previously, our group have
carried out an assessment of specific energy and power densities for reported SSBs and
found that they fall well short of the requirements of automotive applications of 400
Wh kg−1 and 100 W kg−1 . Investigating further into the cause of low energy densities
for reported solid-state batteries, it is found that the areal capacities for the current
SSBs showcase cathode loading in the range of 0.5-2 mAh cm−2 . Low areal capacities,
coupled with thick electrolytes and high excess anode limit the energy densities of
the current solid-state batteries. A detailed summary of composite cathodes from the
literature is tabulated below. The summary table details the active material as well
as the ion conductor used in the composite cathode along with the composition of
the cathode and the areal capacity. Using a custom-built solid-state battery analyzer
toolkit, the estimated energy densities for these configurations are estimated. It
should be noted that when relevant data were not available, the areal capacity was
assumed to be 1 mAh cm−2 .
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Table 1.1: Composite Cathode Summary.
Sr. Reference Cathode

Catholyte Areal

No.

1

Loading

Randau

AM | SE | C

Areal

|B

Ca-

Wh/kg

Cathode

pacity

(mg/cm2 )

(mAh/cm2 )

NMC622

LPS

8.90

70 | 30 | 0 | 0

1.60

58

NMC622

LPS

17.80

70 | 30 | 0 | 0

3.20

156

NMC111

Li10 SiP2 S12 5.20

68.6 | 29.4 | 2 |

0.81

17

et al.[81]
2

Randau
et al.[81]

3

Whiteley
et al.[102]

4

Zhang et

0
LCO

Li10 SiP2 S12 5.50

70 | 30 | 0 | 0

0.83

23

LCO

Li10 SiP2 S12 2.80

37.7 | 56.6 | 5.7

0.42

8

0.83

16

al.[101]
5

Woo

et

|0

al.[103]
6

Xie

et

LCO

LGPPS

5.50

al.[104]
7

Ulissi

78.5 | 21.5 | 0 |
0

et

NCA

LPS

1.40

60 | 35 | 5 | 0

0.28

11

NMC622

LPSI

7.00

70 | 25 | 2.5 |

1.26

41

5.27

356

2.57

306

al. [105]
8

Choi

et

al.[106]
9

Nam

2.5
et

NMC622

LPSCl

29.30

|0

al.[107]
10

Nam

79.2 | 19.5 | 1.3

et

NMC622

LPSCl

14.30

68.1 | 29.2 | 1.3
| 1.4

al.[107]
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Table 1.1: Continued
Sr. Reference Cathode

Catholyte Areal

No.

11

Loading

Yamamoto NMC111

LPS

Sakuda et

Kato

|B

Ca-

Wh/kg

pacity

(mg/cm2 )

(mAh/cm2 )

15.90

76.2 | 19 | 1.9 |

2.46

213

1.47

162

2.9
NMC111

LPS

9.50

al. [109]
13

Areal

Cathode

et al.[108]
12

AM | SE | C

66 | 28.3 | 2.8 |
2.8

et

LCO

LGPS

4.90

60 | 34 | 6 | 0

0.74

49

et

LCO

LGPS

115.40

61 | 36 | 3 | 0

17.31

264

et

NCA

LPS

6.80

60 | 35 | 5 | 0

1.36

86

et

LCO

LPSCl

10.00

86.3 | 11 | 1.8 |

1.50

51

al.[64]
14

Kato
al.[64]

15

Ito
al.[110]

16

Kim
al.[111]

17

Kraft

0.9
et

NMC622

LPGS-I

34.10

70 | 30 | 0 | 0

6.14

134

S

LPS

0.70

30 | 60 | 10 | 0

1.17

28

Co9S8

LGPS

3.50

40 | 50 | 10 | 0

5.86

58

al.[112]
18

Yamada
et

al.

[113]
19

Yao

et

al.[114]
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Table 1.1: Continued
Sr. Reference Cathode

Catholyte Areal

No.

20

Loading

Zhang et

AM | SE | C

Areal

|B

Ca-

Wh/kg

Cathode

pacity

(mg/cm2 )

(mAh/cm2 )

LGPS

5.70

45 | 50 | 5 | 0

9.55

86

Li3V2(PO4)3LATP

9.90

45 | 25 | 15 | 15

1.95

47

LLZTO

7.10

50 | 50 | 0 | 0

1.07

13

LLZTO-

60.80

75 | 15 | 10 | 0

9.12

295

6.00

60 | 30 | 10 | 0

1.08

122

LLZO

11.30

90 | 10 | 0 | 0

1.70

137

LPS

7.60

67.2 | 28.8 | 2 |

1.37

142

NiS-CNT

al.[115]
21

Yu et al.
[116]

22

FinsterbuschLCO
et al.[117]

23

Chen

et

LFP

al.[118]

PEOLTFSI

24

Park

et

NMC622

al.[119]

LAGPPBALTFSI

25

Wakayama LCO
et al.[120]

26

Ates

et

NMC622

al.[121]
27

Hovington

2
LFP

et al.[122]
28

Porcarelli
et al.[123]

PEO-

14.40

70 | 25 | 5 | 0

2.16

250

5.00

65 | 20 | 15 | 0

0.75

147

LTFSI
LFP

PEOLTIFSI
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Table 1.1: Continued
Sr. Reference Cathode

Catholyte Areal

No.

29

Loading

Bouchet
et

LFP

PEO-

AM | SE | C

Areal

|B

Ca-

Wh/kg

Cathode

pacity

(mg/cm2 )

(mAh/cm2 )

4.70

60 | 32 | 8 | 0

0.71

101

al.

LTFSI

Rajendran LFP

LLZTO

8.60

35 | 35 | 20 | 10

1.29 21

PEO-

1.50

60 | 10 | 10 | 20

0.23

21

[124]
30

et al.[125]
31

Zhang et

LFP

al. [126]
32

LLZO
NMC851

LPSCl

2.90

69 | 30 | 1 | 0

0.52

45

LFP

LPSCl

2.50

80 | 0 | 10 | 10

0.38

70

NMC

LPSCl

2.50

80 | 0 | 10 | 10

0.45

95

et

LFP

LPSCl

1.00

80 | 0 | 10 | 10

0.15

36

et

LFP

LPSCl

3.50

80 | 0 | 10 | 10

0.53

71

et

NMC

LPSCl

3.50

80 | 0 | 10 | 10

0.63

97

Kitsche et
al. [127]

33

Chen

et

al. [128]
34

Chen

et

al. [128]
35

Pan
al.[129]

36

Jiang
al.[130]

37

Jiang
al.[130]
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Table 1.1: Continued
Sr. Reference Cathode

Catholyte Areal

No.

38

Loading

AM | SE | C

Areal

|B

Ca-

Wh/kg

Cathode

pacity

(mg/cm2 )

(mAh/cm2 )

LCO

Li3InCl6

1.00

70 | 30 | 0 | 0

0.15

22

et

LCO

Li3InCl6

1.00

70 | 30 | 0 | 0

0.15

17

Huang et

NMC

LTFSI

80.00

50 | 40 | 0 | 10

14.40

253

S

PEO-LiN

1.00

40 | 45 | 15 | 0

1.68

166

et

LFP

PAN

1.50

80 | 0 | 10 | 10

0.23

53

Broek et

LTO

LLZTO

1.60

40 | 40 | 10 | 10

0.24

4

LFP

LLZTO

1.60

80 | 0 | 10 | 10

0.24

4

NMC

LLZO

2.00

70 | 30 | 0 | 0

0.36

5

LFP

LLZo

1.18

56.25 | 18.75 |

0.18

9

0.23

3

Zhao

et

al. [131]
39

Li
al.[132]

40

al.[19]
41

Eshetu et
al.[133]

42

Shi
al.[134]

43

al. [135]
44

Chi

et

al.[136]
45

Zhang et
al.[137]

46

Du et al.

15 | 10

[138]
47

Li

et

LFP

LLZO

1.50

al.[132]

24

60 | 20 | 12 | 8

Table 1.1: Continued
Sr. Reference Cathode

Catholyte Areal

No.

48

Loading

Xu

AM | SE | C

Areal

|B

Ca-

Wh/kg

Cathode

pacity

(mg/cm2 )

(mAh/cm2 )

et

LFP

LLZO

1.18

60 | 20 | 12 | 8

0.18

2

et

NMC

LLZO

1.00

54 | 27 | 9 | 10

0.18

2

et

LCO

LLZO

1.00

58 | 42 | 0 | 0

0.15

1

et

NMC

LLZO

0.90

45 | 40 | 15 | 0

0.16

1

et

LFP

LLZO

0.59

80 | 0 | 10 | 10

0.09

1

et

LMO

LLZO

1.00

80 | 0 | 10 | 10

0.15

1

et

LCO

LLZO

0.25

100 | 0 | 0 | 0

0.04

0

et

LCO

LLZO

1.00

100 | 0 | 0 | 0

0.15

1

et

NMC

LLZO

2.00

80 | 0 | 10 | 10

0.36

3

et

LFP

LLZO

2.61

80 | 0 | 10 | 10

0.39

3

al.[96]
49

Liu
al.[139]

50

Han
al.[140]

51

Shao
al.[141]

52

Luo
al.[142]

53

Han
al.[143]

54

Ohta
al.[43]

55

Kato
al.[144]

56

Chen
al.[145]

57

Chen
al.[145]
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Table 1.1: Continued
Sr. Reference Cathode

Catholyte Areal

No.

58

Loading

Chen

AM | SE | C

Areal

|B

Ca-

Wh/kg

Cathode

pacity

(mg/cm2 )

(mAh/cm2 )

et

LFP

LLZO

2.00

80 | 0 | 10 | 10

0.30

2

et

LFP

LLZO

2.13

80 | 0 | 10 | 10

0.32

2

et

LFP

LLZO

2.22

80 | 0 | 10 | 10

0.33

2

et

LFP

LLZO

2.26

80 | 0 | 10 | 10

0.34

2

et

LFP

LLZO

4.88

50 | 24 | 10 | 16

0.73

5

al.[145]
59

Chen
al.[145]

60

Chen
al.[145]

61

Chen
al.[145]

62

Chen
al.[145]
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The summary table here effectively captures the challenges outlined for solid-state
batteries. As can be observed the average areal capacity of the reported composite
cathodes is

1.7 mAh cm−2 with a very large standard deviation (≈3.25 mAh

cm−2 ). In addition to this, the average cathode content in the composite cathodes
reported is ≈55±15 % which is very low loadings to achieve practical composite
cathodes. In contrast to this, cathode architectures in conventional Li-ion batteries
comprise of >85% active material content. It is necessary to identify architectures
for composite cathodes that can facilitate high material loadings for the cathode
active material while enabling maintaining a high degree of connectivity with the
electron and ion conductors along with good mechanical resilience. Limited research
looks at optimizing the cathode architectures with an aim to address these objective
functions. Impact of NMC cathode material particle size combined with LPS based
solid electrolytes was evaluated recently[134]. The results indicated the need for small
particle sizes for solid electrolyte and larger active material particles. This work
evaluated a composite cathode architecture using a random packing approach which
leads to unoptimized local configurations at the active material | solid electrolyte
interfaces. Additionally, some work was also carried out on evaluating composite
cathode transport properties as a function of cathode architecture[134].
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Figure 1.6: (a) Schematic diagram highlighting the challenges in integration of
all solid-state batteries. (b) Schematic diagram of a typical implementation of a
solid-state battery cell. (c) Summary of experimentally reported energy and power
density of solid-state batteries. Note that the target performance region for solid state
batteries is shaded. (d) Polarization curves and rate performance of NMC-811 | Li-In
cells with LPS solid electrolyte (separator, catholyte: 30 %, active material: 70 %).
Reprinted with permission from [6]. (e) Cycling performance of LFP | PEO-LLZO |
Li cells for hybrid solid electrolytes with three different molecular weights 300K, 1M
and 500 K. Reprinted with permission from [7].(f) Cycling performance of 3D micro
battery based on a microchannel plate compared with an analogous 2D battery. C |
PEO | MoOS2 micro batteries are fabricated by deposition protocols. Reprinted with
permission from [8]. (g) Polarization curve and cycling performance of NCA | LPSCl
| Li cell cycled at C/10 rate at 5 MPa stack pressure. Cathode loading is 3.55 mg
cm−2 . Reproduced with permission from [9].
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Material families that can meet ion transport criteria comparable to the state-ofthe-art liquid electrolytes have been identified for solid ion conductors. Integration
of these materials into a high-performance battery stack is still far from realization.
The primary limitation in this regard is the lack of fundamental understanding of
the interplay between charge transfer kinetics and mass transport within the system,
specifically at the electrode | electrolyte interfaces in addition to other challenges
(Fig. 1.6a). A typical implementation of lab-scale solid-state batteries is not in
traditional coin-cell or pouch-cell formats. Solid-state batteries are typically operated
in “pressure cells” that encase the cell system in a container on which a mechanical
load is applied (Fig. 1.6b) in addition to temperature. Generally, SSBs are reported
to function at operating pressures of >100 MPa and elevated temperatures (>50 ◦ C).
A quick survey of the reported SSB performance shows that the achieved specific
energy and power density of SSBs fall short of required metrics of operations for
SSBs of >400 Wh/kg gravimetric energy density and ¿200 W/kg power density (Fig.
1.6c)[81]. Janek et al. have carried out extensive work to understand and decouple
the influence of interphase formation and its impact on the cycling of SSBs[146, 147].
Typical SSB cycling performance for sulphide-based SSBs is depicted in Fig. 1.6d[6].
The galvanostatic charge-discharge curves of NMC-811 | Li-In cells with LPS solid
electrolyte (separator, catholyte: 30 %, active material: 70 %). SSB cell shows
large first cycle irreversibility (≈30 %) compared to an analogous conventional cell
(≈15 %). Subsequent rate testing shows strong capacity loss at high C-rates with 0
mAh g-1 at 1C (Fig. 1.6d). Subsequent long-term cycling at 0.1 C shows a strong
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capacity fade (1-2% each cycle) that is not observed for the conventional cell. The
origin of this behavior is identified as a resistive layer formed on the cathode at the
high charging voltages which are validated by in situ impedance spectroscopy, SEM
and XPS measurements. NCA cathode material with LPSCl solid electrolyte and
Li metal anode was investigated in full cells at 5 MPa stack pressure (Fig. 1.6g)[9].
LNO-coated NCA shows first cycle irreversibility similar to NMC materials with
subsequent cycles showing higher coulombic efficiency ( 98%). 80% retention over
200 cycles was observed for this cell at the 5 MPa stack operating pressure and ≈ 3.5
mg cm−2 active material loading. The results suggest optimization of the operating
conditions (pressure, temperatures) in order to mitigate the formation of filaments and
extend SSB lifetimes. Similar studies have been carried out for different cathode and
solid electrolyte material combinations that highlight the need of tailoring cathode
microstructure, interfaces, reactivity as well as mechanics of the composite cathode.
Dixit et al. investigated LFP based cathode composites in conjunction with hybrid
solid electrolytes (PEO-LLZO) with varying mechanical properties (Fig. 1.6e)[7]. The
results indicated that solid electrolyte with higher adhesion properties at the interface
shows improved performance due to improved wetting and contact with the cathode.
SSB micro-batteries are also investigated as a potential architecture to maximize
areal capacity and electrochemically active surface areas for niche applications (Fig.
1.6f). MoOS2 cathode material in conjunction with PVDF-based solid electrolyte and
mesoporous carbon anode was used to fabricate 3D micro-batteries using thin-film
coating processes[8]. The results from this study showed an improved areal capacity
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of over an order of magnitude for 3D micro-battery compared to a traditional 2D
architecture processed identically.
Recently, Dixit et al. carried out a numerical study on an investigation on the
impact of cathode architecture on the energy density of solid-state batteries[10]. They
identified a necessity for a large variation in particle size of cathode components
in order to achieve higher density composite cathodes as well as to achieve a high
contact area between the solid-electrolyte and cathode active material. Additionally,
the influence of excess anode material to the resultant cell-level energy density was
investigated (Fig. 1.7a-c). Transitioning to low/no- excess anodes systems can provide
significant improvements in terms of cell-level energy density. Dense solid electrolytes
(like LLZO) result in high volumetric energy density while low-density solid electrolyte
(like PEO) in conjunction with high voltage/capacity cathode materials. Limited
demonstrations of completely anode-free cells are observed in the literature. Cycling
of an in-situ formed Li anode in an NCA | LLZO anode free cell is highlighted
here (Fig. 1.7d-e). The investigated anode-free system shows typically low cathode
utilization due to unoptimized cathode architecture with highly reversible cycling
(coulombic efficiencies close to 100%) over 50 cycles[11]. It should be noted that due
to changes in “accessible” lithium, certain discharge cycles show higher capacities
than the corresponding charge cycle. Another important consideration in solid-state
battery architecture is the concept of bipolar stacking. The use of solid electrolyte
mitigates the shorting and electrolyte leaking in unit cells allowing for
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Figure 1.7: (a) Schematic diagram showing the differences in SSBs with and without
anode incorporated in the system. Effect of transitioning to a no-excess anode system
from a 100% excess anode system on (b) gravimetric energy density and (c) volumetric
energy density for a range of material combinations. Reprinted with permission from
[10].(d) Cycling performance of an anode free NCA | LLZO cell after initial charging
cycle at 0.05 mA cm−2 . Stack pressure of 4 MPa was used for the tests. Reprinted
with permission from [11]. (e) Schematic diagram showing bipolar stacking of solidstate batteries. Typical polarization curve for bipolar stacked SSBs with (f) NMC
and (g) LFP based cathode materials. Reproduced with permission from [12, 13].
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series stacking and reduction of inactive materials in the cell (packaging, sealing,
conductor elements).
This can lead to improvement in both gravimetric energy density as well power
density due to reduction in inactive materials as well as overall resistance of the
modules. Initial results with excess-area stainless steel current collector as a bipolar
plate show promising polarization profiles for NMC622 as well as LFP -based SSBs
with polymer-based solid electrolytes[12, 13, 148, 93]. Subsequent investigations into
materials, architectures and cell design for bipolar stacking need to be carried out for
high energy and power density SSBs.

1.5

Research Questions and Expected Outcomes

In this chapter, the key motivations, opportunities and challenges for solid-state
battery technology are outlined.

It is evident that the next-generation energy

storage technologies rely on material development; engineering scalable processing
pathways; as well as the development of control and operational solutions for solidstate batteries. While recent years have seen a great surge of research in the solid-state
battery field, research into the development of practical and deployable technologies
are still low. Due to the multi-faceted nature of challenges associated with solidstate batteries, this work leverages scientific and engineering knowledge from a wide
domain of subject areas and implements these in a range of applications. In this thesis,
I demonstrate key technological results in areas of material development, processing
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as well as control strategies for practical solid-state batteries. The overarching goal of
the work carried out in this thesis is to provide pathways towards the development and
deployment of solid-state batteries. It is expected that the research carried out here
will be instrumental in carrying out further work on discovering novel solid electrolyte
materials, scalable production of solid electrolytes as well as improving and extending
the durability of solid-state batteries.
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Chapter 2
Enabling Roll-to-Roll Fabrication
of Solution Processed Solid
Electrolytes
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2.1

Introduction

Developing safe, high energy dense batteries is a necessity for improving the adoption
of electrified mobility alternatives[25, 24].

Conventional Li-ion batteries are not

inherently safe due to flammable solvents used in liquid electrolyte[149]. However,
solid-state batteries(SSB) which replaces liquid electrolyte with its solid counterpart
are theoretically safer due to elimination of flammable solvents[10, 31, 150, 30, 32].
Despite many efforts in material development, cell architecture optimizations and
processing invention, commercialization of SSBs has not been realized yet[151, 81].
The US DOE performance and cost goals for electric vehicle batteries are energy
density in excess of 350 Wh kg−1 and costs < US $100/kWh at cell level[24, 23].
Such high goals require the development of next generation batteries with high
ionic conducting electrolytes, use of energy dense anodes and high voltage and high
loading of cathode materials. Use of Li-metal anode in conventional Li-ion batteries is
inhibited by various parameters such as safety and side reactions[152]. Additionally,
liquid electrolytes have a smaller electrochemical stability window which hinders
the use of high voltage cathode materials[153]. However, a solid electrolyte (SE)
allows utilization of Li-metal since a dense SE can theoretically prevent dendrite
formation[79, 80] and many SE have wider electrochemical stability window allowing
integration of high voltage cathode materials[149].
To develop a safe, energy dense and cost-effective battery, liquid electrolytes
must be replaced with solid counterparts[154, 155, 47]. There are challenges that
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needs to be addressed with regards to the ionic conductivity of SEs, chemical and
electrochemical stability of anode | SE, cathode | SE as well as the processability
of SE[151, 73]. Many garnet SEs have shown ionic conductivity in the range of
10−4 to 10−3 S cm−1 and have a very wide electrochemical and chemical stability
window[82, 156]. Even though with such favorable electrochemical, chemical and
transport properties, garnet-based SSBs have not been commercialized yet due to
mainly two challenges: (1) garnets are brittle and have high Young’s modulus with
low fracture toughness[157]. These properties are not favorable for attaining intimate
contact between Li-metal | SE and SE | cathode and the solutions to these issues
are generally associated with additional processing step and materials which is not
cost-effective[158, 111, 159, 160]. Secondly, garnets have a higher density compared
to other SEs which adversely affects the gravimetric energy density when processed
in form factors that are currently being employed.
To enable garnet-based SE research, thick SEs are utilized at lab-scale currently
in the range of 1-2 mm[23]. The thickness of SE is a critical parameter for garnetlike SE (that have high density) for achieving gravimetric energy density metrics
relevant to EV applications[161, 162]. Literature survey carried internally showed
that currently average Li, SE, and cathode thicknesses used in ASSBs are 100 µm,
500 µm and 30 µm respectively. The energy density metrics for cells with such
configurations are lower compared to even conventional Li-ion batteries (≈ of the
order of 10-100 Wh kg−1 ). Additionally, SSBs are cycled at very high pressures in the
range of ≈ 10s of MPa for getting an intimate contact between solid-solid interfaces
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in the SSB (anode | SE and cathode | SE)[94, 163]. The brittle nature of garnets
is a limiting parameter for maximum allowable pressure on the cell. Transitioning
to a thin solid electrolyte film can mitigate these issues by decreasing the overall
material cost, providing facile mechanical properties for ease of handling and reduces
the ion transport path which enables fast charging capabilities of the battery. Thus,
developing strategies to manufacture thin-dense-defect-free SE at scale is necessary
for a successful deployment of SSBs in EVs. However, efforts on addressing this
challenge are scarce in literature[151, 162]. A potential path for a thin and very
dense layer of an electrolyte can be PVD (Physical vapor deposition) or ALD (atomic
layer deposition) but poses concern of scalability and cost associated with large scale
production[164]. Tape casting/roll-to-roll processing is the most promising technology
for manufacturing of thin, dense, defect-free SE sheets. Roll-to-roll processing of solid
electrolytes can also heavily utilize the existing infrastructure for conventional LiB
manufacturing for successful deployment of SSBs[165].
There are significant challenges that need to be overcome to facilitate slurry
processing for making thin, dense electrolytes.

It is important to note that

the structure and properties of roll-to-roll coated solid electrolytes are strongly a
function of the interactions occurring between the constituents in the dispersion
(Figure 2.1). Slurry processing involves coating, drying, calendering, delaminating
and sintering electrolyte films at higher temperatures to eliminate solvent-binderplasticizer systems which affect the LLZO properties including microstructure,
density, hardness, shrinkage, and conductivity. Indeed, significant work is carried out
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in ”slurry engineering” for electrodes in fuel cell technologies as well as conventional
Li-ion batteries[162, 166, 167, 72, 168, 169, 170]. Herein, I leverage the underlying
principles of ternary component interactions in the dispersions to achieve roll-toroll coatings of free-standing LALZO solid electrolyte films. Here, I have optimized
slurry composition of the solvent-binder-plasticizer system to form a defect-free green
tape which can be delaminated to obtain free-standing LLZO thin films. Various
sintering strategies have been evaluated to get a flat dense-defect-free SE film. Liloss is optimized in the SE densification to achieve a homogeneous composition of
LLZO. I detail experimental strategies and best practices for solution processing of
solid electrolytes which can be leveraged for other solid electrolytes as well.

2.2
2.2.1

Experimental
Slurry Preparation

Commercial Al-doped LLZO (LALZO) was utilized for this study. The slurry was
prepared using two different solvent systems i.e. (1) Isopropyl Alcohol (IPA) +
Toluene (2) Ethanol + toluene. Fish oil, benzyl butyl phthalate (BBP), Polyvinyl
butyral were used as a dispersant, plasticizer, and binder respectively. Yt-stabilized
Zr balls were used as a milling media. Four slurries were prepared using various
compositions as shown in Table 2.1. All the constituents were mixed in a specific
ratio and ball-milled in a Spex mill for 1 hour followed by degassing under vacuum
for 10 minutes.
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Figure 2.1: Schematic diagram highlighting the steps for solution processing of
solid electrolytes. The first step is to obtain a homogenized dispersion of components
within a solvent using appropriate mixing strategies. Subsequently, this slurry is
casted using a slot-die coated and undergoes several stages of post-processing before
obtaining dried, free-standing green films.
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Table 2.1: Composition of the four slurries employed in this study.
Slurry 1

Slurry 2

Slurry 3

Slurry 4

LALZO

25%

37%

25%

37%

IPA

21%

15%

0%

0%

Ethanol

0%

0%

21%

15%

Toluene

21%

15%

21%

15%

Fish Oil

0.5%

0.5%

0.5%

0.5%

YSZ

22.5%

22.5%

22.5%

22.5%

BBP

5%

5%

5%

5%

PVB

5%

5%

5%

5%
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2.2.2

Rheology

After degassing, the slurry was transferred to the rheometer (Discovery HR-3, TA
Instruments). A SmartSwap concentric cylinder geometry (bob diameter = 28.05
mm, bob length = 42.01 mm) was used for the rheological measurements. The slurry
was pre-sheared at 5 rad s−1 for 10 s followed by an equilibration step of 15 minutes
to remove any structure/history from the slurry. Followed by pre-shear, flow ramp
test was performed from shear rates 3500 s−1 to 5 s−1 .

2.2.3

Tape casting

For tape casting, the slurries were used immediately after the mixing step using Spex
mill and subsequent degassing. After degassing, the slurry was tape cast on the shiny
side of the mylar sheets on a benchtop coater. All tape castings were done in a dry
room at room temperature. The coating speed for all the coatings was maintained
at 40 mm/s. The coatings were dried at room temperature for 24 hours in the dry
room. The wet thicknesses of 50, 100 and 150 µm were cast on the mylar substrate
for all the slurries.

2.2.4

Densification

After delamination, the dry coatings were punched followed by three annealing steps.
The first annealing was carried out in an argon environment in a tube furnace at
500 ◦ C for 12 hours for binder-plasticizer-dispersant burnout. This was followed
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by annealing at 1100 ◦ C for 12 hours in an argon environment.

Four different

substrate systems were analyzed for densification of LALZO thin sheets i.e. (1) green
films buried in LALZO mother powder on an alumina crucible (2) bare green film
on alumina crucible (3) Green film sandwiched between two alumina crucibles and
(4) Green film sandwiched between graphite sheets which are sandwiched between
alumina sheets. In the last scenario, the dense pellets were again annealed in a box
furnace in the air at 500 ◦ C for 2 hours to remove the carbon contamination from the
surface.

2.2.5

Material Characterization

Microstructure of dried green films and sintered sheets were analyzed using Scanning
electron microscopy (SEM) using a Zeiss MERLINT M FE-SEM. All SEM micrographs
are collected at 1 kV electron high tension (EHT) and with a working distance of
5.5 mm. X-Ray Diffraction (XRD) measurements were performed using Panalytical
Xpert Pro at 45 kV and 40 mA conditions. The XRD data were collected at room
temperature in the range of 15◦ to 60◦ with a step size of 0.01◦ using Cu-Kα radiation.

2.3

Coating Stability Window

The stability windows for slot-die coating of non-Newtonian inks are fairly well
established in the literature[171, 172, 173, 174, 175, 176, 177]. The model used for
predicting coating stability windows is briefly described here. A full derivation of the
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model can be found in the reports mentioned earlier. A schematic diagram of fluid flow
through a slot die coater is shown in Figure 2.3 with key elements of the flow profile
identified. A uniform coating window is specified in terms of the fluid flow parameters
for the coating bead shown in the figure. The coating bead has a free boundary that
wets the web (upstream meniscus), and the downstream free surface is identified by
the film-forming meniscus (downstream meniscus). The relevant physical parameters
of interest, in this case, are the coating speed uw , the gap height hG , the upstream lip
length lu , the downstream lip length ld , and the wet film height h. Apart from these
physical parameters the flow parameters of the slurry, viz. viscosity η,  is the flow
behavior index and surface tension σ will also impact the coating stability. Generally,
it has been seen that the 3D flow problem is simplified into a 2D or 1D problem (in
the gap) to aid analysis. The stability of the coating window is determined by the
position and nature of the upstream meniscus and is classified into four cases: (i)
corresponding to the concave upstream meniscus pinned to the end of the upstream
lip, (ii) corresponding to a convex meniscus pinned to the end of the upstream lip,
(iii) corresponding to a concave upstream meniscus pinned to the lower end of the
upstream lip, and (iv) corresponding to a convex upstream meniscus pinned to the
lower end of the upstream lip. The individual pressure drops for each case for a
non-Newtonian fluid are given as follows:
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2.4

Results and Discussion

Engineering stable, functional dispersions is key towards the development of successful
roll-to-roll processing for solid electrolytes. Dispersion stability is a key requirement
for achieving good quality coatings and improving the shelf-life of the slurry[167]. The
dispersion stability is dictated by the competing interactions between the solvent,
dispersed particles, binders and surfactant which typically include van Der Waal’s,
electrostatics, steric, and depletion interaction[178, 179, 180, 181]. I investigated
two distinct solvent systems and loading configurations to evaluate the relative
interactions and their influence on LLZO coatings. Four slurry configurations were
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prepared as shown in Table 2.1. The differences in these solvent properties allow us to
effectively investigate the influence of various interactions and provide insight into best
practices for slurry preparation for LALZO coatings. Visual analysis of the dispersion
stability and quality do not indicate any aggregations within either ink suggesting a
homogenization of the components by the high energy ball milling. However, it was
observed that the ethanol ink dries quickly which limits the time available for coatings.
The vapor pressure of IPA is 4.1 kPa while for ethanol it is 5.95 kPa which suggests
that ethanol has a faster evaporation rate. In a dry room environment where these
slurries were processed and cast, the shelf-life of an exposed IPA- based ink was >20
minutes while that for ethanol-based ink it was only 1-3 minutes. In addition to this,
the inks with higher solid loading had lower stability compared to lower solid loading
slurries due to the lower total solvent content. It should be noted that depending on
the humidity levels, these values might be significantly different, but it provides an
insight into the impact of solvent in dictating processing timescales and shelf life.
Rheological measurements of the slurry were subsequently performed to assess
the shear-dependent viscosity of the slurries. Ideally, Newtonian inks are preferred to
enable wide coating windows and defect-free coatings[182]. However, most practical
multi-component dispersions used for batteries show Shear-thinning behavior[67].
This behavior arises from the break-up of large agglomerate structures within the
dispersions on the application of high shear rates. Shear-thinning fluids are defined
by the power law model for viscosity given as τ = µγ (−1) , where τ is the shear
stress, µ is the flow consistency index and  is the flow behavior index[171, 183].
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For Shear-thinning fluids,  is less than unity. The shear-dependent viscosities for
the investigated slurries are shown in Figure 2.2. As can be seen from the figure,
IPA/toluene ink shows Newtonian behavior for a large shear rate window followed
by Shear-thinning.

While the ethanol toluene ink shows a near Shear-thinning

behavior for the entire range of the shear rates involved.

The key observation

to be made here is that both the IPA/toluene inks have a higher viscosity than
the ethanol toluene ink for the same loading. The viscosity of the dispersions is
dictated by the component interactions within it: polymer-solvent, polymer-particle
and particle-solvent. As discussed earlier, the interactions between the constituents of
dispersions are van Der Waal’s attraction, electrostatic repulsion, depletion/bridging
interaction or steric repulsion. IPA and ethanol have a dielectric constant of 17.9 and
24.5 respectively, while toluene has a dielectric constant of 2.38. In this regard,
the differences in electrostatic interactions within the dispersions are completely
dictated by the polarization capability of the alcohol component, which is higher in
ethanol[184, 185, 186]. This would lead to lower interactions between the components.
Ethanol also has a slightly higher surface tension (22.4 mN/m) compared to IPA
(21.3 mN/m) which is indicative of a higher Hamaker constant, resulting in higher
van Der Waal’s attraction[187, 180]. However, this force is typically short-ranged
and the ink interactions at the present configurations are dominated by electrostatics
and polymer-based interactions. Another key factor dictating dispersion viscosity
is the behavior of the polymer in the solvent system. Notably, The dispersion,
polar, and hydrogen bonding contributions and the total solubility parameter of
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the repeating unit δD, δP, δH, and δ have been found to be 7.72, 2.90, 3.26, and
8.87 MPa1/2 , respectively, for vinyl butyral. In addition, the solubility parameters
for ethanol are 15.8, 8.8, 19.4, and 26., for toluene are 18, 1.4, 2 and 18.3 while
for IPA they are 15.8, 6.1, 16.4, and 23.8[188]. It is advised that for enabling
effective dispersions having similar solubility parameters between the solute and
solvent should be maintained[167, 188, 189, 190]. From this, it is anticipated that PVB
is more compatible with the IPA-toluene ink. This would result in the IPA/toluene
inks having a better interaction between the polymer, solvent and particle. This
results in the higher viscosities observed for the IPA/toluene inks compared to the
ethanol/toluene inks. In addition to this, higher solid loading increases the overall
viscosity across the range of the shear rates investigated. Fitting the profiles to the
power law model, the consistency index and flow behavior index are given in the
following Table 2.2. Overall, the IPA/Toluene inks have a higher flow consistency
index and lower flow behavior index. Shear rates for roll-to-roll coatings are typically
dictated by the coating height (hw ) and the coating speed (uw ) and is given as the
ratio of the coating height to coating speed. Figure 2.2 also shows the shear rates
experienced on the slurry at 40 mm/second coating speed with wet height thickness
of 50, 100 and 150 µm. As seen from the figure, as the wet coating height increases,
the shear rate experienced by the slurry goes down.
The rheological properties of the slurry also have a strong impact on the thickness
of the coated layer, as well as the morphology of the electrode during and after
drying[170]. Indeed, the rheological properties strongly dictate the available coating
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, 50 μm

μm

μm

Figure 2.2: Shear sweeps for all four slurries were carried out using a DHR-3
rheometer. All slurries were pre-sheared and equilibrated prior to the measurement
of the shear sweeps. Additionally, relevant shear rates for processing wet height
thicknesses of 50, 100, and 150 µm at 40 mm/s are denoted by vertical lines.
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Table 2.2: Slurry Rheological and Gravimetric Metrics
Slurry

Flow Consistency Index

Flow behavior Index

Slurry Density (g cm−3 )

Slurry 1

0.237

0.928

1.188

Slurry 2

3.012

0.79

1.464

Slurry 3

0.162

0.952

1.190

Slurry 4

1.79

0.821

1.466
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windows and processing parameters. The models for assessing coating windows from
rheological information are well established and are governed by the viscocapillary
forces acting within the slot-die head[171, 191, 183, 192]. Coating windows are defined
by the maximum allowable pressure drop across the slot-die as well as the coating
speeds. Depending on the position of the upstream and downstream meniscus, we
can observe a leaking, low-flow limit or streaking or air entrainment defects (Figure
2.3). In ideal coating conditions, the upstream meniscus is pinned to the farther
edge of the slot die lip. The leaking defect occurs if the fluid pressure exceeds the
pressure drop across the lip and results in an uncontrolled coating width. There is
no upstream meniscus in this case, and the ink spreads out of the slot die. This
can lead to significant material losses as well as contamination of the processing
instruments. The low flow limit occurs at high coating speeds where the fluid pressure
is not enough to maintain the desired wet thickness. The downstream meniscus shifts
such that the coating height is not maintained at the exit of the slot die. In these
conditions, the resultant coatings will be of non-uniform thickness which can have a
detrimental impact on the subsequent processing and integration steps. Finally, the
streaking/air entrainment defect is an exacerbated case of the low flow limit, where
the fluid pressure drops low enough for the upstream meniscus to travel all the way to
the inner edge of the upstream lip and allow air to be integrated into the coated fluid.
This results in intermittent coatings with less control over the coating thicknesses.
Coating windows were investigated for the formulated slurries using the equations
described in earlier sections (Figure 2.4) for non-newtonian fluids using the fits
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Figure 2.3: Schematic diagram highlighting the cross-sectional view of the slotdie coater near the moving web along with specific terminology. Coating stability
windows with respect to coating bead pressure and the web speed are highlighted
along with the defect routes. Cases 1-4 denote the positions of the upstream meniscus
that are used to assess the coating stability windows.
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obtained to the power law model (Table 2.2).

The IPA/Toluene ink offered a

wider coating window in general compared to the ethanol/toluene counterparts.
Additionally, the inks with higher solid loadings resulted in wider coating windows
in terms of pressure compared to those with low solid loadings, while the less viscous
systems were favorable for high speed operations (web speeds > 10 m/min). This
behavior is expected as lower viscosities and ink densities tend to minimize the
available range of operation in terms of fluid pressure before running to leaking and
air entrainment effects. However, ease of flow minimizes the chance of hitting the
low flow limits for these systems. It should also be noted that the higher viscous
slurries would have higher pumping requirements (Watts per liter pumped) compared
to the slurries with lower loading. It is evident that designing processes for scalable
manufacturing for solid electrolytes requires careful tuning of the slurry rheology as it
dictates not only the quality of the coatings, but also the processing conditions, control
requirements and the process flexibility. Overall, higher loadings would be preferred
for relatively slower coating lines which require flexibility in terms of operation and less
accurate controls. The alternative is preferred for high-speed coating lines with highly
accurate controls, which result in limited processing flexibility but high throughput.
I subsequently investigated the dried coated films prepared by the four slurries.
SEM micrographs of all four dried slurries are given in Figure 2.5a, 2.5b, 2.5c, 2.5d.
The SEM are top-down views of the coatings with 50 um wet thickness after drying.
As seen from the figure, all four dry films show distinct morphology as well as particle
distribution. slurry 1 and 2 have uniform LALZO particles distribution after drying
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(a)

(b)

Low Flow Limit

Low Flow Limit
> 10 m/min

(d)

(c)

Low Flow Limit

Low Flow Limit
> 10 m/min

Figure 2.4: Effect of processing parameters on operating window for the investigated
LALZO slurries: (a) Ethanol/Toluene low solid loading, (b) Ethanol/Toluene high
solid loading, (c) IPA/Toluene low solid loading, (d) IPA/Toluene high solid loading.
The low flow limit condition is identified for all the investigated slurries. Case 14 in the legends represent the pressure drop for the four positions of the upstream
meniscus detailed in Figure 3.
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with uniform distribution of binder-plasticizer within the system. In comparison,
aggregates of white particles (LLZO) are clearly observed for the ethanol-based
slurries indicating a poor coating. The porosity distribution is also unique to all
the slurries. For slurry 1, more pores are seen after drying compared to slurry 2. This
is due to the LALZO loading in the slurry, where higher LALZO loading leads to less
pores which is desirable.
To achieve a dense-defect-free SE film, the green film must have a uniform
particle distribution with high packing density. This will facilitate lower temperature
annealing with less time since the particle growth required during annealing will be
less compared to low packing fraction green film. The morphology and distribution
behavior observed in the ethanol-based inks is highly undesirable since it will affect
the delamination and densification. An increase in annealing temperature and time
can also lead to the inhomogeneous chemical composition of the dense SE sheet due
to elevated Li-loss and reduced formation energy of side products. Overall, the SEM
micrographs reveal that slurry 1 and 2 give a desirable microstructure of the green
film. Integration of solid electrolytes into the solid-state battery architecture would
ideally require calendaring of three individual, free-standing layers for the cathode,
separator, and the anode. While cathode and anode entities can be cased on a
backing/current collector, it is necessary to obtain a free-standing separator film to
integrate into the solid-state battery architectures. I looked at the ability of the coated
systems to be manually peeled for creating free-standing thin films. As show in 2.5e,
2.5f, 2.5g, all the slurries were peeled off manually. The coatings with IPA/toluene
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(a)

IPA + Toluene
LLZO loading: 25 wt%

(b)

IPA + Toluene
LLZO loading: 48 wt%

10 μm

(c)

Ethanol + Toluene
LLZO loading: 25 wt%

10 μm

(d)

Ethanol + Toluene
LLZO loading: 48 wt%

10 μm

(e)

IPA + Toluene

(g)

Ethanol + Toluene

10 μm

(f)

IPA + Toluene

Figure 2.5: (a-d) SEM micrographs of the dried green films processed with
IPA/toluene and ethanol/toluene slurries at low and high loadings. (e-f) Peel off
condition and free-standing LALZO film obtained from the IPA/toluene slurries.
The coated film can be extracted from the mylar substrate in a single step with
no defect generation. (g) Peel off condition of the LALZO film processed with
ethanol/toluene slurries. These coatings are brittle in nature and free-standing films
cannot be extracted from the mylar substrate.
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slurry were easy to handle and led to extremely facile delamination from the mylar
substrate. I was able to delaminate a free-standing green film of > 15 square inches
and ≈ 20 um thickness directly from the coated substrate without any additional
treatment. This, in itself, is a significant step towards achieving roll-to-roll fabrication
of LALZO thin films. In contrast, the coatings with ethanol/toluene as solvents did
not delaminate effectively. Poor microstructural distribution and lack of uniformity
of the binder-surfactant network leads to decreased integrity of these films.
The final stage of the LALZO thin film preparation is the densification step,
wherein the coated thin films are sintered at high temperatures to achieve > 95%
densities (Figure 2.6). Initially, I pursued an approach similar to pellet sintering,
where the green films were buried under excess mother powder to achieve high density
and mitigate Li loss. It was observed that the resultant films had a wavy structure
that prohibits the use of these in subsequent cell assembly due to the risk of fracture.
Sintering in absence of the mother powder also resulted in a wavy structure indicating
that non-uniform heating/densification might be the cause of the wavy structure. To
minimize the waviness of the structure, I also investigated the influence of sintering
the green films between alumina plates. This approach was also not successful as the
resultant films were brittle and adhered to the alumina plates which subsequently
broke up. Finally, I investigated sintering between graphite plates to minimize the
potential diffusion between the green film and the backing plates. This resulted in
phase pure, dense LALZO thin films which were able to be handled effectively as can
be observed from the XRD patterns and SEM micrographs (Figure 2.6b, 2.6c, 2.6d).
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(b)

(a)

25

(c)

10 μm

(d)

Figure 2.6: (a) Schematic diagram showing the approaches undertaken to carry
out the densification sintering of the solution-processed green films highlighting the
approaches that failed and the approach that worked. (b) X-ray diffraction patterns
for mother powder and the sintered films with the optimized quantity of excess Li.
Top view (c) and cross-sectional (d) SEM images for the densified LLZO green film.
Both the images show that the density of the sintered films is very high with the
presence of very small pores.
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Sintering steps for roll to roll coating need to consider compatible supporting plates
and applications of pressure to maintain the form factor.

2.5

Conclusion

Scalable processing of thin solid electrolytes is crucial for the development of highenergy density solid-state batteries. I investigated factors that impact the slurrybased processing of LALZO based thin films. Specifically, I looked at IPA/Toluene
and Ethanol/Toluene-based slurries at different solid loadings to investigate the
influence of component interaction in the dispersion phase on the resulting film
microstructure and processability.

Improved component interactions within the

IPA/toluene inks result in well dispersed, and homogeneous microstructures. Additionally, the rheological investigations carried out provided insight into the processing
windows for roll-to-roll processing of the solid electrolytes.

Finally, I discuss

several strategies that were employed to densify the solution-processed green films
and highlight the shortcomings and effectiveness of the approaches involved. The
discussed strategies can be translated effectively to other solid electrolyte materials
as well and offers guidelines into the best practices for solution processing based
fabrications for solid electrolytes.
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Chapter 3
Electrochemical Healing of
Dendrites in Garnet-based Solid
Electrolytes
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3.1

Introduction

Li metal anodes can enable high-energy density solid-state batteries (SSBs) because
of their low electrochemical potential (-3.04 V versus S.H.E.) and high theoretical
capacity (3,860 mAh g−1 )[193]. Monroe and Newman theoretically identified high
shear modulus (4.8 GPa at 298 K) as a criterion for suppressing dendrites in solid
electrolytes[? ]. However, numerous experimental studies have shown that garnettype LLZO, with a high shear modulus of 100 GPa, fails to suppress the dendrite
formation[194, 98]. Several mechanisms are proposed for dendrite nucleation and
growth in ceramic solid electrolytes (CSEs). The primary cause is identified as the
poor point-to-point contact between Li metal and CSE, which leads to high interfacial
resistance resulting in irregular Li flux distribution. This can lead to potential hot
spots for nucleation and preferential growth of Li dendrites through these sites[195].
Dendrite propagation through the solid electrolyte is further influenced by local
mechanical conditions with dendrites preferentially growing through grain boundaries
in polycrystalline CSEs because of their low mechanical strengths[98]. Additionally,
intrinsic electronic conductivity of CSEs can lead to dendrite nucleation, which can
grow upon electrochemical cycling, especially in connected pore domains[196, 82]. The
formation of dendrites leads to reversible capacity loss (lower coulombic efficiency)
and limited rate performance. Various strategies are investigated to suppress the
formation and growth of dendrites. These strategies aim to ameliorate interfacial
contact resistance between the solid electrolyte and Li metal using surface preparation
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methods, interlayer material addition, or garnet material doping[197, 198, 199, 200,
128, 201, 202, 126, 203, 140, 158, 204, 159, 205, 206, 99, 142]. Although these
strategies claimed to avoid dendrites, they also modify important properties such
as ionic conductivity and mechanical strength of SSBs. Additionally, integrating
processes such as interlayer deposition can significantly increase processing costs,
making such systems economically nonviable. To date, there have been limited works
focusing on healing dendrites in SSBs[207]. Heat generation at high operational
current densities is proposed to heal dendrites in conventional liquid electrolyte–
based Li-ion batteries[208, 209, 210, 211]. However, high thermal resistivity and the
limited operational current range of CSEs somewhat prevent exploring this approach
for SSBs. Recent work reported the healing of dendrites in an SSB by resting the cell
at OCV[207].

3.2

Experimental Methods

Commercial-grade Li6.25 Al0.25 La3 Zr2 O12 (LALZO) powder was acquired from MSE
Supplies for this study. The LALZO powder was stored in a glove box to avoid
contamination from the air. Initial assessments of purchased powder were carried
out with x-ray diffraction (XRD) and scanning electron microscopy (SEM) to assess
material quality. XRD confirmed that the purchased powder had a single cubic phase
without any impurities (Figure 3.1). The GSAS II package was used for Rietveld
refinement. Detailed parameters for XRD and Rietveld refinement are given in Table
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3.1. The LALZO powder had a single Ia3̄d phase with lattice parameter 12.9832 Å.
Unit cell volume and formula per unit cell yielded a theoretical density of 5.1228 g
cm−3 , which is in agreement with literature data. SEM analysis of the purchased
powder showed uniform particle size distribution (Figure 3.2a). Energy-dispersive
x-ray spectroscopy (EDS) analysis showed the presence of C, Al, La, Zr, and O
elements (Figure 3.2c–h). The absence of any other impurity elements proved the
superior quality of LALZO powder.
Green films were pressed using a uniaxial press at 450 MPa followed by sintering
at 1,200◦ C for 12 h in air. Green films were buried in motherpowder to compensate for
Li loss while high-temperature sintering. Sintered pellets were stored in a glove box
to minimize Li2 CO3 contamination on the surface, which can lead to higher interfacial
resistance at the Li|LALZO interface. Sintered and densified LALZO was dry-polished
in air progressively using polishing paper with a grit number from 800 to 2,000 to
improve interfacial contact at the Li|LALZO interface. XRD of the polished pellets
showed no impurity phases (Figure 3.3). Polished pellets were annealed in argon at
650◦ C for 1 h to remove Li2 CO3 from the surface. A symmetric Li|LALZO|Li was
assembled in a swagelok configuration. The symmetric cell was conditioned at 60◦ C
for 24 h followed by 10 MPa under pressure for 12 h at room temperature. All the
electrochemical analyses were done at normal pressure and room temperature. Limetal and LALZO pellet diameter were approximately 10 mm and LALZO thickness
was 1 mm in both cells.
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Figure 3.1: XRD pattern of LALZO powder with Rietveld refinement using the
Ia3̄d structural model.
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Table 3.1: Experimental parameters, crystal data, and refinement details for LALZO
powder.
Sample

LALZO

Wavelength (Å)

1.5406

Scan range (degree 2θ)

15◦ < 2θ < 70◦

Step size (degree 2θ)

0.016◦

Temperature (K)

298

wR (%)

12.86

Goodness of fit

1.61

Software

GSAS II

Background function

Chebyschev

Background coefficients

Refined 5

Goniometer radius (mm)

240

Sample displacement (µm)

146.5756 (refined)

Crystal system

Cubic

Space group

Ia3̄d

a (Å)

12.98320

Volume (Å3 )

2188.493

Weight (g mol−1 )

843.92933

Calculated density (g cm−3 )

5.1228
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(a)

(c)

8 μm
(b)

(e)

4 μm
(d)

(g)

(f)

(h)

4 μm
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4 μm
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4 μm

Figure 3.2: SEM micrographs of (a) purchased LALZO powder, (b), (c) SEM and
combined EDS map of LALZO powder, (d)–(h) EDS mapping of LALZO powder for
C, Al, La, Zr, and O elements.

66

Figure 3.3: XRD spectra of purchased powder and densified pellet at 1,200◦ C for
12 h.
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3.3

Results and Discussion

Galvanostatic charge-discharge was performed to evaluate the critical current density
(CCD) of the cell. The first plating-stripping cycle was at 20 µA cm−2 . The following
plating and stripping cycles were carried out for 5 min from 50 to 550 µA cm−2 with
a step of 50 µA cm−2 . As seen from Figure 3.4, the CCD for the Li|LALZO|Li cell
was 0.55 mA cm−2 .
In the present work, the authors report an electrochemical approach for healing
dendrites upon their formation in garnet solid electrolytes. Dendrites are electrochemically removed from the bulk of LALZO solid electrolyte and this phenomenon
is denoted as the “healing” of dendrites. Commercial Li6.25 Al0.25 La3 Zr2 O12 (LALZO)
powder from MSE Supplies was used for this study. Initial x-ray diffraction and
scanning electron microscopy (SEM) characterization were performed on pristine
powder to check the quality of the material (Figure 3.1, 3.2, Table 3.1). Dendrites
were formed by galvanostatic plating/stripping at the current density in excess
of the critical current density (CCD). Formations of dendrites were validated
via a decrease in bulk and interfacial resistance analyzed through electrochemical
impedance spectroscopy (EIS) measurements. Postmortem analysis through SEM
was used to visualize dendrites in the bulk of LALZO. Dendrites healed completely
via electrochemical plating and stripping at a very low current density. Under low
current densities, Li metal preferentially oxidized from the dendrites, leading to their
complete disappearance. Electrochemical dendrite healing was confirmed with the
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Figure 3.4: (a) The critical current density of the Li|LALZO|Li symmetric cell.
Nyquist impedance spectra with fitting for before plating and stripping, before
dendrite formation, after dendrite formation, and after recovery of (b) dendrite healed
at 20 µA cm−2 and (c) dendrite healed at 1 µA cm−2 .
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increase of bulk and interfacial resistance and polarization profiles. The proposed
method can fully terminate cell failures caused by dendrite growth, which can help
in increasing the cycle life of all SSBs.
An initial galvanostatic charge-discharge was carried out at 20 µA cm−2 . The
first few plating and stripping cycles showed flat voltage profiles indicating stable
electrodeposition and electrodissolution of the Li metal (Figure 3.5a,b). The asassembled symmetric cell showed a bulk resistance of ≈ 1.2 kΩ cm2 , which correlates
to 1.2 × 10−4 S cm−1 ionic conductivity, which is typical for garnet-type LALZO
materials (Figure 3.5e). Interfacial resistance of ≈ 4.2 kΩ cm2 indicates good contact
at the Li|LALZO interface. Since LALZO is stable against Li metal and the applied
current densities (20 µA cm−2 ) are low compared with the CCD (0.55 mA cm−2 ,
Figure 3.4), planar polarization profiles were observed. After three cycles at lower
current densities, bulk and interface resistance showed no clear differences (3.5a,b),
which further verifies that no degradation occurred in the cell at these current
densities. Galvanostatic plating and stripping beyond the CCD were carried out on
the cell to intentionally form dendrites. Voltage profiles show an initial sharp increase
of potential followed by a decrease. The unstable voltage profile is an indication of
the nonplanar electrodeposition and dissolution of Li metal.
The decrease in potential can be assigned to dendrite propagation whereas the
increase in potential can be associated to pore formation at the interface. In the first
plating cycle, dendrites formed on the working electrode whereas in the stripping
cycles, dendrites formed on the counter electrode. Plating and stripping were carried
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Figure 3.5: (a) Galvanostatic plating and stripping profiles of dendrite formation
at 2 mA cm−2 and healing at 20 µA cm−2 . Polarization profile for (b) the first
three cycles at 20 µA cm−2 current density, (c) five cycles at 2 mA cm−2 to form
dendrites, and (d) the first few cycles while dendrites healing at 20 µA cm−2 . (e) EIS
profile before dendrite formation, after dendrite formation, and after recovery. Note
that lines are guide-for-eyes and not equivalent fits. (f) Bulk and interface resistance
before dendrite formation, after dendrite formation, and after recovery.
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out at 2 mA cm−2 for 5 min for 5 cycles. This corresponds to roughly 1.6 mAh
cm−2 (40 µm of Li) of cycled capacity. A portion of the dendrites may recover
while plating and stripping[212]. As seen in Figure 3.5c, for all 5 dendrite formation
cycles, cell polarization gradually decreases. This indicates an increase in the effective
contact area between Li and LALZO and a decrease in inter-electrode distance via
dendrite propagation in the bulk[213]. Additionally, the over-potential at the end of
the high current discharge cycle is not zero, indicating that the cell is not shorted.
Furthermore, this value is lower than that observed for the first high current cycle,
which indicates the propagation of dendrites within the system.
The impedance spectra at the end of high current cycling showed a significant
decrease in the bulk as well as interfacial resistances (Figure 3.5e, f). The bulk ionic
resistance after dendrite growth decreased by almost 50% to ≈ 0.6 kΩ cm2 , whereas
the interfacial resistance decreased to ≈ 0.7 kΩ cm2 , a decrease of approximately
80%.

Lower bulk resistance for the cell arose from a lower electrode-electrode

distance within the symmetric cell, whereas lower interfacial resistance arose from an
increased LALZO|Li contact area[212]. The increase in the Li|LALZO contact area
originated from dendrite propagation through the cell exposing additional LALZO
surface compared with the pristine cell. This cell was subsequently cycled at 20 µA
cm−2 for an additional 46 h. During this operation, the cell polarization gradually
increases from 10s of mV back to the stable operating polarization of the pristine
cell of 0.1 V (Figure 3.5a,d). Correspondingly, the bulk and interfacial resistance
showed an increase up to ≈ 1.1 kΩ cm2 and ≈ 3.5 kΩ cm2 , respectively (Figure
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3.5e,f). These values are consistent with those observed for the pristine cell. Increased
cell polarization, along with an increase of the bulk and interfacial resistance, are
clear evidence of dendrite removal from the system. The formation of dendrites at
the current densities higher than the CCD was validated by ex-situ SEM imaging.
Planar and cross-sectional images of the pristine pellet (Figure 3.6a, b) show a dense
microstructure with small pores. In contrast, the surface (Figure 3.6c) and crosssection (Figure 3.6d) show the clear presence of dendritic growths observed as darker
shaded regions within the SEM micrographs. Before SEM analysis, Li foils were
delaminated from the LALZO surface, and the pellet surface was polished. The
SEM analyses of the dendrite growth shown here are similar to those observed in the
literature[214, 98, 82, 94].
The authors hypothesize that the electrochemical healing of the dendrites is
facilitated by the higher current density observed locally at the dendrites during
cycling. Dendrite formation occurs by preferential electroplating of Li (Li+ +e− →
Li) at a defect site at the LALZO|Li interface, which implies a higher local plating
density at that region compared with the average current density observed. The
same principle can be leveraged to preferentially remove dendrites once they are
formed. Computational fluid dynamics simulations were carried out for better a
assessment of this phenomenon. The dendrite tip clearly showed a significantly
higher local current density than that applied at the Li anode (Figure 3.7a,b).
Model parameters used for this simulation are given in Figure 3.7c. At low cycling
rates in which mass transport at the Li|LALZO interface is steady, this allows for
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Figure 3.6: (a), (b) SEM micrographs of pristine LALZO pellet in planar and crosssectional views as highlighted in the schematic. (c), (d) Li dendrite morphologies were
observed on the failed pellet surface. (e), (f) Li dendrite morphologies were observed
on the failed pellet cross-section. The darker features seen in the SEM micrographs
are Li filament growth within the solid electrolyte.
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preferential stripping from the dendrite tips (Figure 3.7d,e,f). The shorter electrode
distance of the dendrite tips to the counter electrode as well as the lower surface
area of the dendrite tips facilitated this removal. At a higher healing current density,
mass transport at the Li|LALZO interface at the dendrite tips can be unstable, so
electrodissolution may not occur preferentially through the dendrite tips but rather
through other regions of the working electrode, as well. The reversible nature of
dendrite growth and preferential stripping from the dendrite tip have been observed
in planar Li|LALZO|Li systems[212]. However, because of the field configuration for
the planar system, the reversible nature and preferential stripping may or may not
occur in other architectures. This work further corroborates the observation and
asserts that dendrite can be successfully eliminated even from conventional laminar
systems at low current densities because of the reversible nature of dendrites and
preferential stripping from the dendrite tips. Further investigations are required
to assess whether there is permanent microstructure modification of LLZO upon
electrochemical healing.
The current density used for electrochemical healing can also affect the degree and
rate of healing. Recent reports have shown that extended rest periods can eliminate
soft-short dendrites[207]. Herein, an active electrochemical approach was undertaken
for dendrite healing. Therefore, investigating the effect of the electrochemical healing
current density on the rate and efficacy of the dendrite healing was necessary.
Dendrites were introduced in a symmetric cell similar to the process described earlier
with electrochemical cycling at 2 mA cm−2 for 5 min plating and stripping cycles.
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Figure 3.7: (a) Mesh for COMSOL simulation (b) Local current density distribution
at Li dendrite (c)COMSOL model parameters. Schematic diagram showing the
mechanistic process for electrochemical healing at (d) pristine, (e) dendrite formation
and (f) healing conditions. Preferential plating and stripping of dendrites within the
solid electrolyte are anticipated which facilitates dendrite removal.
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However, the electrochemical healing was carried out at a lower current density of 1
µA cm−2 . The electrochemical response of the system for the initial cycles as well as
during the dendrite formation was consistent with that reported for the earlier system
(Figure 3.8). The bulk resistance after dendrite growth decreased to ≈ 0.75 kΩ cm2
whereas the interfacial resistance decreased to ≈ 0.8 kΩ cm2 , which are consistent
with values reported for the earlier system (Figure 3.5). Subsequent healing occurred
over a significantly shorter time frame at 1 µA cm−2 (6 h) compared with the time
required for healing at 20 µA cm−2 (16 h). The healing time was identified as the time
required for the cell to recover 0.95× the initial polarization observed for the pristine
cell. The differences in the efficacy of dendrite healing and the rate of healing can be
attributed to the transport limitations at the Li|LALZO interface. A higher healing
current can potentially lead to an imbalance of fluxes at the dendrite tip (Li metal,
electrons, Li+ ), which can limit the rate at which dendrites can be preferentially
eliminated from the system.

3.4

Conclusion

In summary, an in operando electrochemical healing approach for dendrites in solidstate electrolytes is discussed in this work. Dendrites were introduced in symmetric
Li|LALZO|Li cells by cycling at a current density in excess of the CCD. Dendrite
formation was evidenced by a cell polarization decrease, impedance spectra, and
ex-situ SEM imaging of the cycled pellets. Electrochemical healing was conducted
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by active electrochemical cycling of the cycled pellets at low current densities.
Electrochemically healed pellets achieved cell polarization and impedance behavior
similar to that observed for the pristine pellets. Preferential stripping of the dendrites
caused by the lower surface area and proximity to the counter electrode enabled the
effective removal of dendrites. In operando dendrite healing mechanisms as well as
dendrite growth signatures (lower polarization and impedance) discussed here are
expected to be significant for better battery power management for future all-solidstate batteries.
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Figure 3.8: (a) Galvanostatic plating and stripping profiles of dendrite formation at
2 mA cm−2 and healing at 1 µA cm−2 . Polarization profile for (b) the first three cycles
at 1 µA cm−2 current density, (c) five cycles at 2 mA cm−2 to form dendrites, and
(d) the first few cycles while dendrites healing at 1 µA cm−2 . (e) EIS profile before
dendrite formation, after dendrite formation, and after recovery. Note that lines are
guide-for-eyes and not equivalent fits. (f) Bulk and interface resistance before dendrite
formation, after dendrite formation, and after recovery.
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Chapter 4
Improving Contact Impedance Via
Electrochemical Pulses Applied to
Lithium-Solid Electrolyte Interface
in Solid State Batteries
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4.1

Introduction

The energy density and safety advantages of an all-solid-state battery (SSB) can
be enabled by the implementation of Li metal anode (-3.04 V vs SHE, 3860
mAh g−1 ) and elimination of flammable solvents present in lithium-ion batteries
[193].

Commercial application of SSB is facing several challenges that can be

broadly divided into two main categories: (1) interfacial resistances and stability of
battery components, and (2) electrodes processing and cells manufacturing [215, 216].
Indeed, interfacial resistance, chemical stability of Li against solid electrolytes,
processibility and mechanical robustness of SE are among the key manufacturing and
integration challenges [217, 218, 11, 145, 219, 220, 221, 222, 223]. Electrochemical
stability, interphase formation, and dendrite formation and propagation are the other
challenges for battery operation and management[220, 224, 85, 97, 225]. Moreover,
engineering and maintaining an intimate contact at the electrode | electrolyte interface
is a key requirement for high-rate performance SSB [132]. However, the generation
of voids at the SE | Li-metal interface can lead to chemo-mechanical degradation
which impacts battery lifetime as well as safety[100, 94, 226, 89, 3]. Interfacial voids
are generated because of several factors including improper assembly, heterogeneous
spatial kinetics as well as low stack pressure [226, 227]. Non-uniform interfacial
contact arising from the voids leads to the formation of degradation pathways due
to high contact resistance which results in flux/stress hot-spots, Li-filament growth,
and cracking [226, 89, 3, 228].
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A few studies have introduced anode interlayers to lower the contact resistance
at the Li | SE interface and improve the coulombic efficiency of Li electrodeposition/dissolution [229, 164, 142, 230]. Recently, stack pressure is also identified as
a parameter that can enable high rate and stable Li cycling. High stack pressure
enables intimate contact by promoting creep-assisted transport of Li metal to the
interface [227]. However, theoretical and experimental results claim that higher stack
pressure can lead to cell failures due to facile lithium metal propagation through solid
electrolyte pores[231, 232]. It should be noted that most strategies aimed at stabilizing
the lithium anode interface involve either additional processing steps, the introduction
of new materials or altered operating conditions which eventually increase system cost
and complexity.
Overall, physical contact loss at Li metal | SE interface is a major technology
challenge in the operation of SSBs. Despite the abundance of explanations for the
physical contact loss supported by experiments and theory, the solution strategies
reported in the literature are scarce [231, 233]. Therefore, preventive measures or
solution strategies are required to ensure long cycle life and high-rate performance of
SSBs.

4.2

Solid electrolyte pellet preparation

Commercial Al-doped LLZO (LALZO) powder acquired from MSE supplies was
used for this study.

The nominal composition of this commercial LALZO was
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Li6.25 Al0.25 La3 Zr2 O12 with average particle size 10 µm and theoretical density of 5.2 g
cm−3 . For this entire study, LALZO powder was stored inside the dry room and most
of the processing is carried out either in dry room or glove box to minimize moistureinduced impurities. ½” LALZO pellets were pressed by the uniaxial hydraulic press
with 400 MPa pressure. These pellets were buried underneath the mother powder in
MgO crucibles. Calcination was carried out to densify the pellets at 1200 ◦ C for 12 h
in a muffle furnace in air. Sintered pellets were polished to a shiny finish and stored
inside the glove box. Extensive material characterization for the LALZO material
used was reported in an earlier manuscript [155].
Commercial Ta-doped LLZO (LLZTO) powder acquired from MSE supplies was
used as a solid electrolyte for full cell studies. The nominal composition of LLZTO was
Li6.4 La3 Zr1.4 Ta0.6 O12 . Similar to LALZO, LLZTO powder was also stored inside the
glove box. LLZTO pellets were prepared similarly to LALZO pellets and densification
was carried out at 1050 ◦ C for 12 h in a muffle furnace. Sintered pellets were
polished and treated in Argon at 700 ◦ C for 12 h in a tube furnace to remove surface
contaminations.

4.3

Cathode fabrication

Composite cathode was prepared with as received LiNi0.6 Mn0.2 Co0.2 O2 (NMC622 - active material), Lithium bis(trifluoromethanesulfonyl)imide (LTFSI - Ion conductor),
polyvinylidene fluoride (PVDF - Binder) and carbon black (conducting additive) in
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70:20:5:5 weight ratio. The slurry was prepared with n-methyl-2-pyrrolidone (NMP)
with 45% solid loading. The slurry was cast on Al-foil followed by drying in a vacuum
for 12 hours. The coated cathode was calendared at 4 tons. 8 mm punches of cathode
were used for full cell fabrication.

4.4

Cell fabrication

Three types of spring-loaded Swagelok cells were assembled to see the effect of
electrical pulse on interfacial resistance. The first cell was assembled via attaching Li
foils directly on both sides of the LALZO. Lithium metal foil size was the same for
all types of assembly (diameter = 8 mm). All lithium foils were scratched by a metal
brush prior to assembly. All symmetric cells utilized in this study are conditioned at
60 ◦ C for 24 hours before electrochemical characterization. Galvanostatic cycling was
carried out using the specified current densities. The cell was rested for 2 minutes
after pulse before EIS spectra were collected.

Spring-loaded Swagelok cells were assembled inside the glove box with Li metal
as an anode, LLZTO as a solid electrolyte and NMC622 composite cathode. The
diameter of Li-metal and cathode was 9.5 mm and 8 mm respectively. Composite
cathode loading was 7.8 mg cm−2 . The full cell was tested at room temperature
without any prior conditioning at elevated temperatures. EIS analysis was performed
at RT until a stable profile was observed. The pulsing cycle was carried on this
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cell at room temperature. After the pulsing cycle, the cell was transferred to an
environmental chamber and kept at 70 ◦ C for 12 hours.

Galvanostatic charge-

discharge was carried out at 70 ◦ C at C/20 rate.

4.5

Ex Situ Characterization

The pulsed cell was opened inside a glove box. Cathode and Li-metal were carefully
delaminated from the SE. Cathode and SE were transferred to a mousetrap for
SEM analysis to ensure minimal exposure to the ambient environment. Images were
collected on a Zeiss MERLIN SEM instrument. For XPS measurements, pristine
cathode and LLZO were transferred from a dry room into the XPS chamber. Pulsed
NMC | LLZTO cells were disassembled, and the cathode and anode were delaminated
inside the glovebox. The cycled LLZTO pellet was broken and XPS spectra were
collected on both the anode side and cathode side of the pellet. Ex-situ XPS was
carried out on a Thermo Scientific (Waltham, MA, USA) XPS model ESCALAB
Xi+, with a monochromated, micro-focusing Al Kα X-ray source (1486.6 eV). The
pass energy for the detailed spectra was 40 eV.

4.6

Results and Discussion

This work reports an electrochemical strategy for improving the contact resistance of
Li metal | SE interface in SSBs. Results showcase a large improvement in interfacial
resistance (15 - 58%) within a short time pulse of (0.1 - 0.5 s) at nominal pressures
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(≈1kPa). The proposed electrochemical stabilization pathway can function as a
formation step for SSB cells as well as a control/management protocol for extending
the cycle life of SSBs.
A symmetric Li | LALZO | Li cell was assembled inside a glove box using
the Swagelok configuration. Detailed experimental procedures are provided in the
supplementary information section. To replicate inhomogeneous Li morphology and
void formation occurring during long-term cycling of SSB, the cell was conditioned
such that the interface was non-optimal. Imperfect physical contact at the interface
was validated by Electrochemical Impedance Spectroscopy (EIS) measurement at
room temperature which showed an interfacial resistance of 2.58 kΩ.cm2 .

In

comparison, typical impedance values for pristine cells with good contact between
LALZO and Li are usually in the range of 10-100s of Ω.cm2 .[227, 234, 235] During
galvanostatic cycling at 40 µA cm−2 , the average cell polarization was 0.161 V (Figure
4.1c). An increase of the average polarization after 30 minutes of plating and stripping
cycles was found to be around 3 mV. The increase of polarization on cycling can
arise from interfacial reaction or void formation at the interface34. Since, LALZO is
relatively stable against Li metal, void formation is likely occurring on cycling under
the applied current density. After five cycles, twenty voltage pulses were applied on
the cell by the application of high current (10 mA cm−2 ) with cutoff voltages set
at 10 V and -10 V. In this case, the cutoff voltages have been reached immediately
on the application of the high current pulse within 100 ms. EIS spectra after pulse
show a significant reduction in interfacial resistance (Figure 4.1b). As seen from
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the EIS spectra, only the interfacial resistance of the cell decreases while the bulk
resistance remains constant. No change in bulk resistance indicates the absence of
dendrite formation or propagation in the bulk of the solid electrolyte35. The decrease
in interfacial resistance suggests improvement in interfacial contact at the Li metal |
SE interface. Interfacial resistance after twenty pulses was 1.90 kΩ.cm2 which was 26
% lower compared to the pristine cell (Figure 4.1b). Presence of voids at the Li | SE
interface diminishes the electrochemically active area due to the absence of ionic and
electronic pathways leading to regions with higher local current densities (current
focusing). Application of pulse causes high lithium deposition at the pore edges
leading to the improvement of the contact impedance (Figure 4.1a). Subsequent
galvanostatic cycling performed under the initial current density of 40 µA cm−2
showed that the average cell polarization decreased from 0.12 V to 0.09 V (Figure
4.1c). Improved EIS spectra, as well as lower polarization, unveil the effectiveness of
the voltage pulse protocol in improving the interfacial resistance.
Thereafter, the effect of multiple pulse cycles on cell performance was investigated.
Individual pulse cycles refer to the application of twenty voltage pulses (10 mA cm−2
with cutoff voltages set at 10 V and -10 V) as described above. The interfacial
resistance of the pristine cell was 2.89 kΩ.cm2 which decreased to 2.30 Ω.cm2 after the
first voltage pulse cycle showcasing 20 % improvement in interfacial contact (Figure
4.2a). After a period of 20 hours of galvanostatic cycling at the nominal current
density (40 µA cm−2 ), 20 identical pulses were applied multiple times followed with 20
hours of galvanostatic cycling after each pulse (Figure 4.2b). The interfacial resistance
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Figure 4.1: (a) Schematic diagram depicting the effect of voltage pulse on stabilizing
the Li | LALZO interface. (b) EIS spectra for symmetric Li | LALZO | Li cell
obtained before and after applying a voltage pulse. Here, the voltage pulse refers to
the application of a high current (10 mA cm−2 ) with cutoff voltages set at 10 V and
-10 V for twenty cycles. (c) Polarization curves for symmetric Li | LALZO | Li cell
showing initial cycles, voltage pulse and a single cycle after voltage pulse. The cell is
run at room temperature.
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kept on decreasing without any change in bulk resistance indicating an improvement
of the contact at the anode | SE interface. The unchanged bulk resistance indicates
that there is an absence of dendrite formation with the application of the voltage
pulse. After 5 pulse cycles, interface resistance decreased to 1.78 kΩ.cm2 compared
to the initial resistance of 2.89 kΩ.cm2 (-38.4 %). While further optimization of pulse
duration, sequence, and magnitude are required to maximize the interfacial contact,
this work highlights the applicability of this strategy to improve contact impedance
of the Li | LALZO interface.
The temperature rise in lithium metal due to Joule heating was estimated by
employing fundamental heat balance equations. A geometry as described visually
in Figure 4.3 was employed wherein a cylindrical element around an interfacial pore
was considered. The diameters of the cylinder (dcyl ) investigated were 100, 50 and
25 µm with the pore sizes ranging from dcyl - 0.5 µm to dcyl - 20 µm. The height
of the cylinder was considered to be equal to the diameter enabling quantifying the
local heating around the pore feature. The heat generated from resistive heating was
evaluated by,
Qresistive = J 2 .R.T

where, Qresistive is the resistive heating, j is the current density during the pulse (mA
cm−2 ), R is the resistance (Ω.cm2 ), and t is the duration of the pulse (s). The heat
generated is obtained on an area-specific basis (J cm−2 ). This heat is assumed to
be dissipated entirely within the cylindrical geometry considered. As the thermal
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Figure 4.2: (a) EIS spectra for symmetric Li | LALZO | Li cell obtained before and
after multiple voltage pulses. (c) Polarization curves for symmetric Li | LALZO | Li
cell showing initial cycles and cycling profiles with multiple voltage pulses. Here, the
voltage pulse refers to the application of a high current (10 mA cm−2 ) with cutoff
voltages set at 10 V and -10 V for twenty cycles. The cell is run at room temperature.
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conductivity of the underlying ceramic is significantly lower than the conductivity of
Li metal, it is reasonable to assume the dissipation occurs primarily through the Li
metal. While, over time, the energy released will dissipate through the bulk metal,
the assumption provides an initial estimate for the impact of resistive heating. The
temperature change arising from the resistive heating is evaluated by the following
equation,
Qresistive = m.cp .∆T
where, m is the mass of lithium in the cylindrical element, cp is the specific heat of
Li and ∆T is the temperature change arising from the resistive heating.
CFD modelling of ion flow pathway through a similar geometry was carried out
using COMSOL in order to understand the relative increase in the local flux at the
pore edges. The geometry simulated consisted a cylindrical element of Li metal (dcyl
= hcyl = 120 µm), with a pore element (dpore = 100 µm) subtracted at the interface.
The top surface of the cylinder was provided the normal current density of 5 mA
cm−2 , while the pore facing surface was considered to be ground with a distributed
impedance of 4000 Ω cm2 . The resultant mesh consisted of 10193 elements with an
average element quality of 0.77 (volume/length ratio for mesh element).
Local current density in the vicinity of the pore is expected to be higher due to
the absence of electronic pathway through the voids (Figure 4.4a, 4.4c, 4.3). This
redistribution of the current can lead to a local rise of the temperature of the lithium
metal due to Joule heating upon application of higher current pulses. We carried
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out theoretical calculations and computational fluid dynamics (CFD) simulations
to assess the impact of interfacial pores on current density and local heating. A
cylindrical geometry in the vicinity of the pore is considered where the diameter of
the pore is a variable and the cylinder diameter around it is specified as a function
of a given shell thickness (Figure 4.4a). The height of the cylinder in all cases is
considered equal to the diameter of the cylinder. CFD simulations showcase that
the current density in the vicinity of the pore increases fourfold compared to the
applied current density. High local current density can lead to preferential deposition
in these regions during the plating cycle, which can lead to the filling of the pores and
improvement of the interface. The calculations for local temperature increase assume
that the electrical power associated with the local current density in the vicinity of
the pore (J2 R, where J is the local electric current density, and R is the area-specific
resistance) converts to heat. This heat is assumed to dissipate in the Li metal within
the cylindrical element considered, and the local temperature rise is estimated using
standard heat capacity formulation. Results show that the local temperature rise
is within the range of 10 - 300 ◦ C depending upon the cylinder and pore geometry
(Figure 4.4b). Larger pores result in typically higher temperature changes due to the
larger effective current density in the vicinity of these pores. In addition, increasing
the cylinder diameter reduces the local heating due to an increase in the amount of
material for heat dissipation. The higher local temperature of Li essentially implies an
increased homologous temperature resulting in higher creep. Improved creep flow of
Li can aid in the reduction of the interfacial resistance [227]. While the assumptions
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Figure 4.3: Schematic diagram explaining the geometry employed for the modelling
of ion flux and local temperature rise in Li metal.
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of heat generation and dissipation are limiting, these results do provide an estimate
for local temperature rise through Joule heating. Such a temperature increase can
significantly affect lithium flow behavior and facilitate stabilization of the interface.
Combined, the preferential deposition and improved creep flow lead to electrochemical
stabilization of the anode | SE interface. It should be noted that the local heating
of Li metal was leveraged in previous studies to heal dendrites in conventional Liion batteries wherein Li symmetric cells were cycled at an excess of 9 mA cm−2
to remove dendrites36. In those studies, local heating and subsequent fast surface
diffusion helped in healing the failed cells. The interface stabilization achieved in this
work functions under a similar mechanism for improved Li flow and surface diffusion
through local heating under high current pulses.
However, it is necessary to investigate the impact of voltage pulse on a cell with
intimate interfacial contact. Thus, similar symmetric Li | LALZO | Li cell was
assembled, and conditioned and operated at 60 ◦ C to improve cell impedance. EIS
spectra reveal a very low interfacial resistances of 171 Ω.cm2 comparable to those
reported for Li | LALZO | Li cells with intimate interfacial contact and high critical
current density (Figure 4.5a) [227, 234, 235]. In this case, the first few galvanostatic
plating and striping cycles were performed at 80 µA cm−2 which resulted in 0.02 V
average cell polarization (Figure 4.5b). As mentioned above, the cell polarization
profile reveals information on the effectiveness of the electrodeposition of Li-ions at
the electrode. Indeed, cell polarization increased by 10 µV only after 30 minutes of
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Figure 4.4: (a) Schematic diagram showing current flow in the vicinity of a pore
at the Li | LALZO interface. (b) Temperature change in lithium in the vicinity of a
pore as a function of the pore size and the shell size considered due to Joule heating.
(c) COMSOL simulation showing current density increase at the vicinity of the pore
region.
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Figure 4.5: (a) Series and charge transfer resistance for symmetric Li | LALZO |
Li cell obtained before and after applying a voltage pulse. (b) Polarization curves
for symmetric Li | LALZO | Li cell showing initial cycles, voltage pulse and a single
cycle after voltage pulse. (c) Series and charge transfer resistance for symmetric Li |
LALZO | Li cell obtained before and after multiple voltage pulses. (d) Polarization
curves for symmetric Li | LALZO | Li cell showing initial cycles and cycling profiles
with multiple voltage pulses. Here, the voltage pulse refers to the application of a
high current (50 mA cm−2 ) with cutoff voltages set at 10 V and -10 V for twenty
cycles. The cells are run at 60 ◦ C.
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cycling and showed very flat, stable profiles which suggests that the electro-deposition
and -dissolution of Li metal were highly reversible with high coulombic efficiency.
A voltage pulse cycle was applied (50 mA cm−2 with 10 V and -10 V cut-off voltage,
20 pulses) on the symmetric cell. After a pulse cycle, no change in the EIS spectra and
cell polarization were observed (Figure 4.5a, 4.5b, 4.6a-c). Galvanostatic cycling at
the nominal current density after the pulse application revealed no degradation of the
cell (Figure 4.5b). Another cell was tested with multiple pulses (Figure 4.5c-d, 4.7a-e)
which showed a similar response with no significant change in EIS or cell polarization
even after 5 pulse cycles (Figure 4.5c-d). To better compare the EIS profiles, an
equivalent circuit fitting was carried out to estimate the series and charge transfer
resistances for individual spectra. These values are plotted against the cumulative
charge passed through the cell components and show no obvious changes upon the
pulse application (Figure 4.5c). In addition, the long-term stability of the cell after
application of the pulse was evaluated. These experiments suggest that while the
voltage pulse technique can address the interface issue for a non-ideal interface, it
shows no impact on a cell with intimate anode | SE interface contact. These results are
important to ensure that the technique can be used eventually to address interfacial
resistance issues in defective cells without altering the cells with intimate contacts
under standard cell pressures.
A Li | LLZTO | NMC622-composite cell was assembled inside a glove box
using the Swagelok configuration. Detailed experimental procedures are provided
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(a)

Equivalent Circuit
for
Li | LALZO | Li

(b)

(c)

Qct
Rseries
Rct

Figure 4.6: (a) The equivalent circuit used for fitting the impedance spectra
obtained from Li | LALZO | Li cells. Impedance spectra of Li | LALZO | Li cells
obtained (b) before and (c) after multiple voltage pulses
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(a)

(b)

(d)

(c)

(e)

Figure 4.7: Impedance spectra of Li | LALZO | Li cells obtained before (a) and
after multiple voltage pulses (b-e). EIS fitting is carried out using an equivalent
circuit described in Fig. 4.6
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pulse application, another identical cell was prepared, and a similar pulse protocol
was followed on the cell at room temperature.
Post-mortem analysis was carried out using SEM (Figure 4.9a-d, 4.10) and XPS
(Figure 4.11, 4.12, 4.13) on the cell components. SEM of cathode and solid electrolyte
was performed to assess mechanical degradation. The secondary particles show no
cracking due to possible stresses generated via electrochemical pulse as seen from
Figure 4.9c. Previous studies have reported that interphases in solid electrolytes show
up on SEM as regions of disparate contrast [89]. However, no interphase was apparent
from the SEM analysis of SE at both the anode and cathode interfaces (Figure 4.10).
Further evidence of the absence of interphase formation was obtained by ex-situ XPS
studies carried out on pristine and pulsed full cell components. Typical decomposition
products at the cathode | SE interphase can be broadly classified as organic (Ccontaining species) and inorganic (Li-based insulating compounds). C1s, O1s, F1s
and Li1s spectra are visualized for the pristine and pulsed cathode as well as the
LLZTO material at the cathode and Li interfaces. C1s spectra for the cathode contain
the nominally expected surface species C-C (284.8 eV), C-OH (285.6 eV), C=O (286.5
eV), O-C=O (287.6 eV) and C-F (291 eV) which are consistent across both the
pristine and the electrochemically cycled cathode material (Figure 4.11a) [236, 237].
F1s spectra shows the presence of C-F, LFSI-, and LiF species for the pristine and
cycled cathode samples (Figure 4.12). Similar profiles are also observed for Ni1s,
Ni2p, O1s and Li1s spectra (Figure 4.12). Similar results are also observed for the
LLZTO, wherein the spectra for pristine LLZTO and the electrochemically cycled
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(a)

(c)

(b)

(d)

Figure 4.8: (a) Pulse profiles applied to NMC | LLZTO | Li cells and (b) Zoomed
in polarization profiles during the pulse period. (c) EIS spectra of a full cell before
and after voltage pulsing cycle at room temperature. Here, the voltage pulse refers
to application of high current (40 mA cm−2 ) with cutoff voltages set at 10 V and -10
V for ten cycles. (d) Galvanostatic charge-discharge profile of full cell at 70 ◦ C after
pulsing cycle.
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LLZTO (anode and cathode side) show similar profiles (Figure 4.11b, 4.13). Overall,
the XPS results strongly support the assertion that the application of pulse does not
lead to the formation of decomposition products. These results also suggest that
there was no material degradation upon high current pulse application. Therefore,
the high current pulse strategy is an effective method to improve interfacial contacts
in a solid-state battery.

4.7

Conclusion

Several other strategies have been explored in the literature to improve interfacial
contact at Li anode | SE. Most of these strategies come with a penalty of additional
processing steps, materials or operating conditions that limit the techno-economic
feasibility of SSBs. Herein, we introduced an electrochemical protocol applied to Li |
LALZO | Li symmetric and NMC | LLZTO | Li cells that show a clear improvement
of interfacial contact upon application of very short duration high current pulses.
This electrochemical pulse method can be leveraged as an integration as well as
a management step to ensure seamless contact between Li-metal anode, cathode,
and SE. Ex-situ characterizations demonstrate that there was no detrimental chemomechanical impact on both bulks and interfaces of the cell components upon the
application of the high current pulse protocol. The latter is found to help ensure
stable interfaces on cycling which is key to achieving high-performing SSBs. This new
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finding can have applications in direct cell integration and degradation management
for SSBs.
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(a)

Pristine Cathode

(b)

Pristine Cathode

(c)

Cathode After Pulse

(d)

Cathode After Pulse

Figure 4.9: SEM micrographs of composite cathode in (a-b) pristine and (c,d)
cycled conditions. The scale bar in (a), (b), (c) and (d) is 2 µm, 40 µm, 2 µm, 20 µm
respectively
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LLZTO Interface w/ NMC622
LLZTO

LLZTO
LLZTO Interface w/ Li
Figure 4.10: SEM micrographs of cathode-SE interface and anode-SE interface on
pulsed composite cathode. Scale bar is 50 µm
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C-O
O=C-O

C-Fx
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C-C

C-O

Before Pulse

O=C-O

C-Fx

After Pulse

C-C

(b) C1s Spectra
LLZTO

(a) C1s Spectra
Composite Cathode

After Pulse : Cathode

Before Pulse

After Pulse : Anode

Figure 4.11: Comparison of XPS spectra of (a) pristine cathode(red) and cathode
after pulsing cycle(black) for C1s (b) LLZTO before and after application of pulse for
C1s. For pulsed SE, profiles for anode and cathode side are visualized.
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(a) Li1s Spectra

(c) Ni1s Spectra
After Pulse

Before Pulse

(b) O1s Spectra
After Pulse

Before Pulse

(e) F1s Spectra

After Pulse

After Pulse

Before Pulse

Before Pulse

(d) Ni2p Spectra

(f)

S2p Spectra
After Pulse

After Pulse

Before Pulse

Before Pulse

Figure 4.12: XPS spectra of composite cathode before and after application of
pulse. (a) Li1s spectra, (b) O1s spectra, (c) Ni1s spectra and (d) Ni2p spectra (e)
F1s spectra (f) S2p spectra are depicted for both conditions.
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(a)

(b)

Li1s (c)

O1s

Figure 4.13: XPS spectra of LLZTO before and after application of pulse. (a) Li1s
spectra, (b) O1s spectra and (c) Ta3d spectra. For pulsed SE, profiles for anode and
cathode side are visualized.
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Chapter 5
Na1+xMnx/2Zr2−x/2(PO4)3 as a Li+
and Na+ Super Ion Conductor for
Solid-State Batteries
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5.1

Introduction

All-solid-state batteries have attracted great attention over the recent years owing to
the promise of realizing high energy densities enabled through high capacity metal
anodes[238, 239, 240, 30, 32]. Despite this promise, all-solid-state batteries have a long
way to go before successful commercialization due to the material and engineering
challenges that need to be addressed for each component[241, 149, 242, 78, 243,
244]. To achieve this goal, revolutionary material designs must be envisioned and
implemented especially towards the development of the solid electrolyte that forms
the crux of this battery technology. In recent times, research into solid electrolyte
materials have evolved around the following metrics: (i) high ionic conductivity, (ii)
chemical and electrochemical stability (iii) mechanical robustness and (iv) safety[245,
246, 143, 247, 1, 130, 199, 126, 248, 101, 93, 249, 131, 198]. While a plethora of solid
electrolyte classes has been explored over the years, the sodium superionic conductors
or the NASICON class are slowly being re-examined for their high ionic conductivities,
mechanical robustness and good chemical and electrochemical stabilities[250, 251,
252, 253]. In particular, materials belonging to the NASICON family with phosphate
anions are being extensively explored as potential electrolytes and cathode materials
for Li, Na, and Mg-ion batteries owing to their high ionic conductivity, thermal and
environmental stability[254, 255, 256, 257].
NASICONs have been widely investigated for not only Na-ion but also Li-ion
all-solid-state batteries[258]. Li1.3 Al0.3 Ti1.7 (PO4 )3 (LATP) and Li1.5 Al0.5 Ge1.5 (PO4 )3
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(LAGP) are the two most popular NASICON electrolytes for Li-ion solid-state
batteries. These electrolytes have high ionic conductivities (≈ 10−3 S cm−1 ) but
suffer from stability issues as Ti4+ and Ge4+ undergo reduction in contact with Li
metal anode[259]. First principle studies on these LATP and LAGP materials report
operating voltage windows between 2.17 – 4.21 V and 2.7 – 4.21 V respectively[260].
However, there is a wide variety of Na-ion based NASICON materials available in the
rhombohedral structure which provide comparable ionic conductivities up to ≈ 10−3
S cm−1 at room temperature, due to 3D ion-conducting pathways[261, 262]. The
abundance of Na source and low-cost processing makes Na-ion NASICON favorable
compared to LATP and LAGP which demand very high annealing and processing
temperatures thereby increasing manufacturing cost. Electrochemical and chemical
cathode/electrolyte interface stability is also a challenge in these systems. In the
Na-NASICONS, ion conduction is achieved through the Na+ ions jumping from one
interstitial site to another through bottlenecks between the polyhedra in the crystal
structure[251]. The size of this bottleneck can be modified by the nature of the
skeleton structure and the ionic conductivity can also be improved by tuning the
concentration of mobile ions[263, 264].

5.2

Material synthesis

Na1+x Mnx/2 Zr2−x/2 (PO4 )3 (NMZP) was synthesized using sol-gel method from stoichiometric mixtures of ZrOCl2 .6H2 O (Aldrich), Mn(NO3 )2 .4H2 O (Aldrich), Na2 CO3
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(Aldrich), and (NH4 )2 HPO4 (Aldrich, 99.99%). First ZrOCl2 .6H2 O and Mn(NO3 )2 .4H2 O
were dissolved in deionized water sequentially. Na2 CO3 and (NH4 )2 HPO4 precursors
were dissolved in DI water separately (50 ml of water for each). The mixture of
Na2 CO3 and (NH4 )2 HPO4 solutions were added dropwise to the ZrOCl2 .6H2 O and
Mn(NO3 )2 .4H2 O solution under continuous stirring. The solution was stirred on a
hot plate at 80 ◦ C for 12 h to evaporate the solvent. The resulting powder was ground
and heated in an alumina crucible at 400 ◦ C for 12 h in the air to burn off the volatile
species. The calcined powder was ground and re-calcined at 650 ◦ C for 48 h in the
air to obtain the final phase. The resultant material was mortar-pestled to a fine
powder and used for making pellets. 1/2” pellets were pressed at a pressure of 400
MPa in a uniaxial hydraulic press. The green pellets were sintered at 750 ◦ C for 48
hours in a muffle furnace. The sintered pellets were polished to a mirror finish. The
resultant thickness of the pellets was ≈ 600 µm. The pellets were used for further
studies without any modifications.

5.3

Electrochemical Measurements

Gold blocking electrodes were sputtered on the pellet surface for ionic conductivity
measurements (Cressington Sputter Coater). The ionic conductivity was measured
using impedance spectroscopy (Biologic, VSP 128) from 20 ◦ C to 70 ◦ C for all
compositions using sputtered Au-electrodes. EIS was carried out with a frequency
range of 0.5 MHz to 1 Hz with an AC amplitude of 10 mV. The resultant impedance
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spectra were fitted by an equivalent circuit model in Zview software to estimate
the total ionic conductivity. Symmetric Li|NMZP|Li and Na|NMZP|Na cells were
assembled in swagelok cells. 8 mm Li and Na foils were punched and used as the
electrodes. Galvanostatic charge-discharge stability tests for Na|NMZP|Na symmetric
cells were carried out at a current density of 20, 40 and 80 µA cm−2 with a period of
30 minutes for plating and stripping. For Li|NMZP|Li, it was kept as 40, 60 and 80
µA cm−2 with the same period for plating and stripping.

5.4

Material characterization

Powder Neutron Diffraction was performed on the NASICON Powders using POWGEN at SNS, ORNL[265]. Each powder sample (1-2 g) was loaded into 6 mm
vanadium cans which were then sealed in a ventilated hood. The scan time for each
sample was set at four hours. The data collection was performed using a center
wavelength of 0.8 Å with a bandwidth of about 1 Å. The obtained diffraction
data were normalized against a vanadium rod and were calibrated using a powder
diamond standard. Standard NIST Si 640d was used as external calibrants for the
instrument. Time-of-flight (TOF) data were converted to d-spacing data using the
modified second-order polynomial TOF = ZERO + DIFC*d + DIFA*d2 +DIFB/d,
where ZERO is a constant, DIFC is the diffractometer constant, DIFA and DIFB are
empirical terms to correct the sample displacement and absorption caused peak shift.
During the refinement (using TOPAS software version 6)[266], ZERO and DIFC were
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determined from the refinement using a standard NIST Si 640d, while DIFA and
DIFB were allowed to vary to account for the sample displacements/absorption. A
back-to-back exponential function convoluted with symmetrical pseudo Voigt function
was used to describe the peak profile. The composition of synthesized powder was
determined by an inductively coupled plasma optical emission spectrometer (ICPOES, Agilent Technologies 5110). The samples were digested in an HF solution and
then diluted in 2 wt% HNO3 for ICP measurement. Morphological characterization
of the pristine powder, sintered pellet as well as cycled lithium foils was carried
out using a scanning electron microscope (Zeiss Merlin system). Energy dispersive
spectroscopy of the samples was additionally carried out at a 20 kV beam energy.
X-ray photoelectron spectroscopy was carried out on the cycled pellet as well as
lithium foil. A cycled cell was disassembled inside the glove box and Li-foils were
carefully delaminated from both sides of the pellet. Li foil samples were examined
after each was broken into two parts to analyze both sides of each sample. Care was
taken to minimize the air exposure of the samples by transferring the samples using
appropriate atmosphere control sample holders. Two line scans were made roughly
perpendicular to each other. At each point (8 points in all) a wide energy range survey
scan was collected to determine all elements present. The amount of Na at each of the
8 analysis points was determined to see if any “hot spots” were apparent. Places that
showed above trace levels of Na were used to determine where to set a rectangular
grid of points to make a “Na map”. After the maps were acquired, two points were
selected on each map: one at the highest point of Na and one at an area of low Na.
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Narrow energy range core level data were acquired at the high and low points. For
the pellet, data were acquired on the as-received surface (survey scan and core level
spectra), then a depth profile was done for a total of 20 minutes of Ar-ion etching,
and then survey and core level spectra were acquired on the well-etched surface. The
calibrated sputter rate for the ion gun was 12 nm/min, based on standard SiO2 films.
If the pellets sputtered at the same rate, 20 min of etching would have removed ≈
230 nm of material.

5.5

Result and Discussion

In this study, NASICONs with Na1+x Zr2 Six P3−x O12 composition were systematically
studied to investigate the ion interchangeability of electrolytes to broaden the
electrolyte material families by combining Na-based solid electrolyte with Li-ion
source and sink.

It is hypothesized that the crystal skeleton of Na-ion based

NASICON material will allow Li-ions to conduct through by exchanging mobile Naions with Li-ions (Fig. 5.1). It is also known that such material compositions cannot
be directly synthesized from a Li metal precursor. Thus, electrochemical ion exchange
is the best way to take advantage of this material for both Na and Li metal SSB.
This approach enables the use of a wide range of Na-based NASICON stoichiometries
for Li metal SSB which are not directly accessible in Li-based NASICONs. Cathode
materials from both categories will broaden the combinatorial opportunities of the
selection of SSB components for full-cell integration.
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Figure 5.1: Schematic illustration of first galvanostatic plating and stripping of
Na|NMZP|Na and Li|NMZP|Li cell
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Here, NMZPs synthesized with compositions varying from x=0.5 to x=2 are characterized using neutron diffraction and impedance measurements to understand and
analyze the mechanism of ionic conduction and identify optimized Na concentration
to achieve the highest possible conductivity from this structure. Our hypothesis
for this material being able to conduct Li and Na ions was proved using plating
and stripping experiments performed with symmetric Li|NMZP|Li and Na|NMZP|Na
cells.

Confirmation of Li-Na interchange in these materials was achieved using

postmortem analysis using SEM and XPS techniques on cycled electrolyte and Li
electrode. This demonstrated dual (Li/Na) ion-conducting NASICON material opens
an exciting avenue of material families of solid ion conductors that can work with both
Li-ion and Na-ion systems by the virtue of ion exchange.
Stoichiometry variations in crystal structure modify the ion transport kinetics
through the material. It is necessary to understand the variation in local bond
structures for the mobile ions to assess the impact of stoichiometry on ion transport.
High-resolution neutron powder diffraction can be used to infer the changes to the
local crystallographic structure.

Neutron diffraction showed that all the NMZP

compositions crystalize in R3̄C structure (Fig. 5.2a, 5.2c) and SEM micrograph
showed a well-sintered surface of the pellet surface indicating high density (Fig. 5.3b).
The elemental composition of the synthesized NMZPs was verified by Inductively
Couple Plasma Optical Emission Spectroscopy (ICP-OES) measurements which
suggest that calculated molar ratios were achieved (Table 5.1). The structure is based
on a three-dimensional framework of [PO4 ] tetrahedra and [(Zr/Mn)O6 ] octahedra
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sharing corners. Zr4+ and Mn2+ were identified to share statistically distributed
12c sites based on the structural refinement and crystal structure information.
Detailed crystallography information from neutron diffraction refinement is provided
in Table 5.2.

The average [(Zr/Mn)-O] bond length in [(Zr/Mn)O6 ] octahedra

monotonically increased from 2.065(3) Å in Na1.5 Mn0.25 Zr1.75 (PO4 )3 to 2.107(13) Å in
Na3 MnZr(PO4 )3 (Fig. 5.3c). Increasing Na+ in the structure increases the repulsion
between Na+ and Zr4+ /Mn2+ atoms which elongates the average [(Zr/Mn)-O] bond
lengths in the adjacent octahedra without changing the structural symmetry. The
average [P-O] bond length values (1.524(14) Å) are close to those typically found in
NASICON-like phosphates in Na3 MZr(PO4 )3 (Fig. 5.3c)[267]. Na+ cations partially
occupy two different M1 and M2 sites. Na+ cations are surrounded by 6 and 8
O− anions in M1 and M2 sites, respectively. Na1 occupying the M1 site sits in
the center of 6 O− anions, so the bond length of Na-O is constant throughout the
structure for all compositions (Table 5.3). However, Na+ occupying M2 sites is slightly
off-center and thus the bond length varies in the structure as well as for different
NMZP compositions. Na-O bond length varied from 2.487(4) Å to 2.918(3) Å in
Na3 MnZr(PO4 )3 . [Na-O] bond length in M2 site increased concurrently with sodium
concentration in NMZP (Fig. 5.3a). Increasing the Na content in the NMZP structure
from x=0.5 to x=2 increased the sodium content in the M2 site and stayed roughly
constant in the M1 site (Fig. 5.3b). [Na-O] bond length and Na+ cation occupancy
in the M2 site have a direct impact on the ionic movement and kinetic energy, and
hence on the overall conductivity of the material.
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Table 5.1: atomic concentration of NMZP compositions estimated from ICP-OES
NMZP composition

Na

Mn

Zr

P

x=0.5

1.51

0.25

1.70

3.00

x=1.0

2.00

0.53

1.47

3.00

x=1.5

2.49

0.75

1.24

3.00

x=2.0

3.10

1.03

0.97

3.00
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(a)

M(2)

(c)

M(1)

(b)

100 nm

Figure 5.2: (a) Structure schematic of Na1+x Mnx/2 Zr2−x/2 (PO4 )3 material (b) SEM
micrograph of sintered pellet surface of NMZP20 (c) Neutron diffraction data with
Rietveld refinement of all synthesized NMZP materials
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Table 5.2: Structural and refinement data for NMZP from x=0.5 to 2
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Table 5.3: [Na-O] bond lengths in M1 and M2 sites estimated from the refinement
of Neutron scattering data
x in Na1+x Mnx/2 Zr2−x/2 (PO4 )3

Na-O bond lenght at M1 site

Na-O bond length at M2 site
2 x Na‡ -O = 2.386 Å
2 x Na‡ -O = 2.528 Å

x = 0.5

6 x Na∗ -O = 2.56 Å
2 x Na‡ -O = 2.778 Å
2 x Na‡ -O = 2.895 Å
2 x Na‡ -O = 2.400 Å
2 x Na‡ -O = 2.546 Å

x = 1.0

∗

6 x Na -O = 2.585 Å
2 x Na‡ -O = 2.772 Å
2 x Na‡ -O = 2.784 Å
2 x Na‡ -O = 2.449 Å
2 x Na‡ -O = 2.560 Å

x = 1.5

∗

6 x Na -O = 2.580 Å
2 x Na‡ -O = 2.747 Å
2 x Na‡ -O = 2.877 Å
2 x Na‡ -O = 2.487 Å
2 x Na‡ -O = 2.531 Å

x = 2.0

6 x Na∗ -O = 2.583 Å
2 x Na‡ -O = 2.729 Å
2 x Na‡ -O = 2.918 Å
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(a)

(c)

(b)

Figure 5.3: (a) [Na-O] bond length in M2 site (b) site occupancy in NMZP material
(c) [Zr/Mn-O] and [P-O] bond length; as a function of x in Na1+x Mnx/2 Zr2−x/2 (PO4 )3
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Room temperature conductivity increased from 1.54 x 10−5 S cm−1 for NMZP05
to 2.82 x 10−5 S cm-1 for NMZP20. NMZP15 and NMZP20 showed similar room
temperature conductivity (Fig. 5.4b). The activation energy for all the materials was
equivalent (≈ 0.1–0.12 eV). The increased ionic conductivity at similar activation
energy suggests that the ion transport mechanism for all the materials is identical
and the increase arises from the higher concentration of mobile charge carriers.
Diffraction results indicated an increment of mobile Na+ cations in the M2 site with
increasing sodium concentration. It should be noted that Na+ cations in the M1
site help maintain the structural skeleton and do not contribute to ion conduction.
Increasing sodium content also increased the [Na-O] bond length in the M2 site which
increased the mobility of these ions resulting in higher overall ionic conductivity. The
site occupancy of Na+ cations and [Na-O] bond length in mobile M2 site increased
monotonically with x in NMZP. However, overall conductivity plateaued at a sodium
concentration of x=1.5. This phenomenon can be described by the vacancy-charge
carrier imbalance. The limitation of available vacancy for ion-transport in NMZP20
compared to NMZP15 suppresses the increase of overall conductivity in spite of the
higher concentration of mobile charge carriers.
Na2.5 Mn0.75 Zr1.25 (PO4 )3 was used for further electrochemical performance analysis
as a Li and Na ion conductor as it showed the highest conductivity. Impedance spectra
provided information regarding the grain-level ion transport mechanisms.

Two

semicircles in the impedance spectra indicated grain and grain boundary components
at higher and lower frequencies, respectively (Fig. 5.4a). These semicircles were
124

followed by a Warburg element which indicated that the physical processes occurring
at low frequencies are predominantly charge-transfer and semi-infinite diffusion of
Na+ in Au[268]. Ion exchange of the mobile Na+ ion in the rhombohedral matrix
with Li+ ions enabled a dual ion transport capability. This allowed a native Namatrix to transport Li+ by replacing the Na+ ions from the matrix chemically
or electrochemically with an external reservoir of Li ions. As far as the authors
know, this is the first report of its kind showcasing this ion transport mechanism.
Galvanostatic plating and stripping was carried out on Na|NMZP|Na symmetric cell
at three different current densities: 20 µA cm−2 , 40 µA cm−2 and 80 µA cm−2 at 70 ◦ C
for Na -– Na symmetric cell (Fig. 5.4c). Overpotential for 20 µA cm−2 was 0.25 V, 40
µA cm−2 was 0.533 V and 80 µA cm−2 was 1.106 V. The overpotentials showed smooth
profiles indicating planar stripping and deposition surface. Galvanostatic plating and
stripping was also carried out on Li|NMZP|Li symmetric cell at three different current
densities: 40 µA cm−2 , 60 µA cm−2 and 80 µA cm−2 at 70 ◦ C (Fig. 5.4d). The cell
showed uniform plating and stripping overpotential profiles indicating a lower barrier
to ion exchange over the studied current densities. Overpotential values for 40 µA
cm−2 is 0.39 V, 60 µA cm−2 is 0.55 V and 80 µA cm−2 is 0.777 V. The overpotential
increased by <10 mV at lower current densities of 40 and 60 µA cm−2 over 50 cycles.
This indicated an absence of detrimental interfacial reactions. However, at 80 µA
cm−2 the overpotential increased gradually until failure due to cut-off at potentiostat
limits. The gradual increase in overpotential at higher current densities is likely
due to the decreased electrode|electrolyte contact at the interface of Li and NMZP
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(c)

(a)

Na NMZP Na

0.6
ΔV = 0.56 V

(b)

(d)

Li NMZP Li

ΔV = 0.77 V

Figure 5.4: (a) Nyquist plots of the symmetric Au|NMZP15|Au cell measured
at 30 ◦ C (b) Arrhenius plots of ion conductivity for all synthesized NMZP
materials at different temperature (c) Galvanostatic cycling profile of the symmetric
Na|NMZP15|Na cell at 20 µA cm−2 , 40 µA cm−2 and 80 µA cm−2 at 70 ◦ C (d)
Galvanostatic cycling profile of the symmetric Li|NMZP15|Li cell at 40 µA cm−2 , 60
µA cm−2 and 80 µA cm−2 at 70 ◦ C
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arising from mass transport limitations. It should be noted that these measurements
are carried out in the absence of stack pressure which is generally significant (3–10
MPa) for the measurements reported with other ceramic electrolytes[269, 94]. It
is understood that optimization of the operating and testing protocols for NMZP
symmetric cells will significantly improve the critical current density of this material.
The stable cycling in a Li|NMZP|Li configuration delineates several ion-conduction
mechanisms.

For example, the mobile Na+ cations could be moving inside the

structure and the Li electrodes merely serve as current collectors to provide a potential
difference. Alternatively, Na+ might be pushed out of the structure in the first few
cycles, and Li+ can move into the structure in subsequent cycles utilizing the same M2
site as Na. The latter alternative is possible since Li+ ionic radii (182 pm) is smaller
than Na+ cation (227 pm) which can also improve the overall bulk conductivity of
the system since the smaller Li+ would have higher mobility in the Na- structure.
Postmortem analysis was carried out with SEM and XPS on Li foil and cycled pellets
to assess the cationic electrochemical exchange mechanism. Disassembled Li foil
was analyzed at two interfaces: (i) electrode|electrolyte interface (side 1) and (ii)
electrode|current collector interface (side 2). SEM image of side 1 shows globular
deposits on the plating surface, which are not observed on the side facing the current
collector (Fig. 5.5a, 5.5b, Fig. 5.6). EDS mapping of side 1 showed the presence
of Na deposits on the surface (Fig. 5.5d, 5.5e, 5.5f, 5.5g, 5.5h). This Na metal
was deposited on the Li foil due to the electrochemical ion exchange of Na from the
NMZP matrix by Li. The presence of N and C can be explained by Li2 CO3 and
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LiNO3 impurities generated by air leaking in the cell or the sample holder. The
important takeaway here was that the Na metal was observed on the Li foil. XPS
characterization was carried out over multiple locations across a large Li foil area
to confirm that Na metal was electrochemically deposited on the Li foil and not an
artifact from cell disassembly. Surface concentration profiles were mapped across two
nearly perpendicular lines on a cycled Li foil on the interface that was in contact with
NMZP (Fig. 5.7a). We observed the presence of Na1s peak at all the locations with
the surface atomic concentration for Na ranging from 2.07 to 0.05 at.% (Fig. 5.7a,
5.7b, Table 5.4). In a single plating/stripping step, 0.04 mAh of charge was cycled
at 80 µA cm−2 and a total of 6.6 mAh of charge was cycled through the electrolyte.
This corresponded to approximately 2.97 µmol cm−2 of Na cycling in each half-cycle
and 0.4 mmol cm−2 total molar flux. In comparison, the pristine lithium electrode
corresponded to roughly 4 mmol cm−2 of Li. The plated molar flux was significantly
lower than the pristine lithium surface concentration. This confirmed that the atomic
concentration observed with XPS was an evidence for Na-metal plated from within
the NMZP matrix. The presence of Na content at all locations of the XPS map
across the Li foil further confirms the hypothesis of Li ions from the counter electrode
exchanging Na-ions within the NMZP matrix which gets plated out.
XPS depth profiling for the cycled pellet was carried out to further validate the
ion exchange within the electrolyte bulk. The predominant elements observed on
the surface were Na, Mn, Zr, P, and O (Fig. 5.7c). The surface also showed 2.3
at.% of lithium content in addition to the elements of the NMZP matrix. Fig.
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Figure 5.5: (a),(b) SEM micrographs of delaminated Li foil on side 1 (c),(d) SEM
and combined EDS maps for delaminated Li foil on side 1 (e),(f),(g),(h) EDS mapping
of delaminated Li foil after cycling for C, Na, O and N elements on side 1
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Figure 5.6: (a) SEM micrograph of delaminated Li foil on side 2 (b) combined EDS
maps for delaminated Li foil on side 2 (e),(f),(g),(h) EDS mapping of delaminated Li
foil after cycling for C and N and O elements on side 2
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Figure 5.7: (a) Locations of XPS profile scans on delaminated Li foil (b) Na
distribution on Li foil shown graphically; pink regions depict high concentration of Na
(c) Full and (d) Zoomed XPS spectra of cycled pellet as received and after Ar-etching.
Zoomed XPS spectra near Li and Na binding energy are shown (e) depth profile of
cycled NMZP pellet (f) Na and Li atomic concentration in cycled NMZP pellet as a
function of depth
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Table 5.4: Atomic percentage evaluation of various elements present on side 1 of
cycled and delaminated Li foil with XPS
XPS location

Li

Na

O

C

L1-P1

25.3

0.21

32.5

41.5

L1-P2

22.8

0.15

30.8

45.7

L1-P3

25.2

0.15

34.3

39.9

L1-P4

25.5

0.83

35.8

37.2

L1-P5

24.7

2.07

39.2

33.6

L2-P1

25.3

0.04

35.1

38.9

L2-P2

25.4

0.05

33.8

39.5

L2-P3

24.1

0.15

33.9

41.2
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5.7e and 5.7f showed the depth profile data for the pellet. The key difference with
increasing depth from the surface was the slow removal of Na. The Li increased
sharply initially and then remained at ≈ 11 at.% throughout the profile. The wild
swings made towards the end of the profile were noise in the Li spectrum which is
difficult to deal with in-depth profile data. The binding energy plot clearly showed
the reduction of the peak intensity of the Na 2s peak after Ar-etching which proves
that Na+ cations were removed from the NMZP matrix. The presence and increase
in Li 1s peak with Ar-etching proved that Li+ cations have clearly replaced some
of the Na+ cations in the structure (Fig. 5.7d). XPS depth profile showed that Na
and Li atoms can co-exist in the structure. This phenomenon had two implications:
either all the mobile Na+ cations are replaced with Li+ cations or the ion conduction
mechanism is led by both Li+ and Na+ cations concurrently. Detailed experimental
and modelling analysis will be carried out in the future to better understand this
mechanism. Information acquired from postmortem analysis proves that NMZP is
both a Li and Na ion conductor. This study enables the potential of a wide family
of Na single ion-conductors to be used in Li-based systems leveraging the benefits of
both systems. This multi-ion-conductor concept is an unexplored area of research and
is hoped to generate exciting integration possibilities that will enhance all-solid-state
battery performance.
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5.6

Conclusion

We showcased a proof-of-concept dual ion conductor Na1+x Mnx/2 Zr2−x/2 (PO4 )3
(NMZP) that can be used in Na as well as Li all-solid-state batteries. NMZP15
and NMZP20 show the highest room-temperature ionic conductivity of 2.86 x 10−5
S cm−1 . The effect of Na content on crystal structure was elucidated by neutron
diffraction. Increased Na-O bond lengths and high mobile charge carrier concentration
enabled tailoring high conductivity compositions. NMZP15 showed galvanostatic
cycling stability up to 80 µA cm−2 with both Na as well as Li metal. The dual ion
conduction mechanism is enabled by electrochemical ion exchange with external Li
reservoirs. This mechanism is validated by postmortem analysis of lithium foil as well
as a pellet by SEM-EDS and XPS. Cycled Li foil shows clear Na depositions (EDS)
with Na content ranging from 0.05 to 2.07 at.% (XPS). XPS depth profile of cycled
NMZP15 pellet shows up to 11 at.% lithium in the bulk confirming the ion-exchange
mechanism. The dual-ion conductor concept offers a great opportunity for material
combinations to deliver high energy density all-solid-state batteries.
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Chapter 6
Exploring Chemical Ion Exchange
Strategy in NASICON materials
for development of High Ionic
Conductivity Solid Electrolytes
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6.1

Introduction

Many solid electrolyte (SE) materials have been developed in the search of an ideal
SE which can enable high-performance all-solid-state batteries (ASBBs) that provide
high energy and power density[33, 34, 131]. Garnet-, sulfide-, perovskite-, NASICON, polymer- and composite-type SE are the most studied SE materials due to various
properties which give them the edge over the other[38, 270, 271, 244, 272, 273].
For example, Garnet SE has high ionic conductivity and a broader stability window
but faces issues like moisture sensitivity and processibility[39]. Sulfides have shown
the highest ionic conductivity but face issues with chemical and electrochemical
stability[62, 144].

State-of-the-art NASICON materials have shown high ionic

conductivity, environmental stability and ease of processing but face the issue of
electrochemical stability[51, 52, 53]. Polymer and composite SE are soft materials
and thus cannot effectively prevent dendrite which cause short-circuit. Among all of
these, NASICON materials are the most stable in environmental conditions which
makes them a perfect candidate for cost-effective large-scale processing[47].
In particular, materials belonging to the NASICON family with phosphate anions
are being extensively explored as potential electrolytes and cathode materials for
Li, Na, and Mg-ion batteries owing to their high ionic conductivity, thermal and
environmental stability.[274, 275, 276, 277] The NASICON type Na1+x Zr2 Six P3−x O12
(0 ≤ x ≤ 3) is a promising electrolyte material providing high ionic conductivity (10−4
S cm−1 ) at room temperature owing to the facile 3D ion-conducting pathways[251,
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252, 278]. The general formula for these NASICON type materials is AM1M2(PO4 )3
where A can be a monovalent cation Li+ , Na+ , K+ , Rb+ , Cs+ , Ag+ , Cu+ , H+ , H3 O+ ,
2+
2+
2+
2+
2+
2+
2+
2+
NH+
4 , or a divalent cation such as Mg , Ca , Sr , Ba , Pb , Cd , Zn , Mn ,

Fe2+ , Co2+ , Ni2+ or Cu2+ or it can also be vacant. M1 and M2 can be filled with
di-, tri-, tetra- or pentavalent transition metal ions within the boundaries of charge
balance[279]. NASICONs can crystallize in three different crystal structures, based on
the synthesis method, annealing temperature and choice of A, M1 and M2 resulting
in α, β and γ-NASICON. Of these, γ-NASICON has the highest symmetry with R3̄C
space group which is highly suitable for achieving high ionic conductivities[280].
NASICON materials can be tuned via elemental substitution and doping which
makes this material a broad family of composition[47].

Additionally, most of

these materials are synthesized and processed at relatively lower temperature (≈
700 ◦ C)[47]. However, mainly a few NASICON SE materials have been explored
to date.

In the previous chapter, 5, I explored electrochemical ion-exchange in

Na1+x Mnx/2 Zr2−x/2 (PO4 )3 and proved that the crystal skeleton of this material
can accommodate Li-ions in Na-ion sites. In this work, I have explored Li-based
NASICON material similar to the Na1+x Mnx/2 Zr2−x/2 (PO4 )3 composition but with
Li as a mobile cation. A direct synthesis approach was taken to synthesis such
material which resulted in a monoclinic structure that is not desirable for high
ionic conductive properties.

Thus, Na1+x Mgx/2 Zr2−x/2 (PO4 )3 were prepared and

Na-ions were exchanged with Li-ions with molten-salt chemical exchange process.
Structural characterization was carried out using X-ray diffraction, energy dispersive
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X-ray diffraction and neutron diffraction. Transport property of this material was
investigated using Backscattering Silicon Spectrometer (BASIS)[281] at the Spallation
Neutron Source. I was successfully able to synthesize a Li-based NASICON material
in rhombohedral symmetry with high Li-ion concentration that showcased very high
diffusivity of Li-ions.

6.2
6.2.1

Experimental
Material Preparation

Na1+x Mgx/2 Zr2−x/2 (PO4 )3 (NMgZP) NASICON materials were prepared using traditional sol-gel synthesis method with x=0.5 to 2.

A stoichiometric mixtures

of ZrOCl2 .6H2 O (Aldrich), Mg(NO3 )2 .6H2 O (Aldrich), Na2 CO3 (Aldrich), and
(NH4 )2 HPO4 (Aldrich, 99.99%) precursors were used for the synthesis of NMgZP
solid electrolyte materials. Three solutions were prepared. First solution consist of
ZrOCl2 .6H2 O and Mg(NO3 )2 .6H2 O dissolved in deionized (DI) water. The second and
third solutions were prepared by dissolving Na2 CO3 and (NH4 )2 HPO4 respectively in
DI water separately. Solution 2 and 3 were added to solution 1 under continuous
stirring. Solvents were evaporated from the mixture while stirred on hotplate 130

◦

for 12 hours. The dried powder was vigorously ground with mortar pestle to make
a fine powder of the precursors for further processing. The finely mixed powder was
heated at 400 ◦ C for 12 h to remove volatile species. Further, the powder was ground
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again using mortar pestle before final annealing at 650 ◦ C for 48 h in the air to obtain
final NMgZP powders.
Li-exchanged Liy Na1+x−y Mgx/2 Zr2−x/2 (PO4 )3 (LMgZP) was prepared using molten
salt chemical exchange process. The prepared NMgZP powder was mixed with LiNO3
in the ratio of 1:3 wt%. The mixture was heated inside a glass beaker on hot plate
at 300 ◦ C for x hours (1 6 x 6 4) followed by cooling down to room temperature
naturally. DI water was added in the beaker followed by stirring on a hot plate for
30 mins at RT. The dispersion was centrifuged to remove residues. The chemical
exchanged powder was dried inside the fume hood at room temperature. For certain
measurements, the powder was dried extensively in a vacuum oven at 100 ◦ C for 24
hours.
For the direct synthesis of Li-based NASICON Li1+x Mgx/2 Zr2−x/2 (PO4 )3 (DLMgZP),
similar synthesis approach was taken as NMgZP except Li2 CO3 precursors were used
instead of Na2 CO3 . All the other synthesis parameters are exactly the same as
NMgZP synthesis.

6.2.2

Material Characterization

Crystal structure information was collected using X-ray diffraction (XRD) and
Neutron diffraction. Panalytical Xpert Pro instrument was utilized for collecting
XRD spectra. Cu-K radiation with 45kV and 40mA energy and current were used
for data collection. XRD spectra were collected between 15° to 100° with a step size
of 0.01° at room temperature.
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The thermal stability of the NMgZP and LMgZP was analyzed using hightemperature XRD using XRK900 sample stage. For this analysis, powders were
loaded on the sample holder stage and heated from room temperature to 850 ◦ C with
the increment of 100◦ C. XRD patterns were collected from 10◦ < 2θ < 70◦ with step
size of 0.016◦ . The temperature was stabilized for 1 hour before carrying out the XRD
scan at a specific temperature to ensure the homogeneous temperature throughout
the sample.
The microstructure of the Li-exchanged powder was analyzed using Scanning
Electron Microscope (SEM) using a Zeiss MERLINT M FE-SEM. SEM micrographs
are collected at 1 kV electron high tension (EHT) and with a working distance of
7.8 mm. EDS map of NMgZP and LMgZP was carried out at 20 kV tension and a
working distance of 7.8 mm.
The ionic conductivity of the Li-exchanged NASICON material was measured
using Electrochemical Impedance Spectroscopy (EIS). Generally, EIS measurements
are carried out on a dense solid electrolyte with zero (theoretically) pores to get the
intrinsic ionic conductivity of the material. In this case, LMgZP material decomposes
at a lower temperature than the required densification temperature. Thus, ionic
conductivity was measured by pressing the powders at relatively higher pressures.
1/2” PEEK cell from MTI was used for this measurement. The powder was loaded
inside the PEEK cell and pressed at 300 MPa for 5 mins. The pressed powder was
not ejected from the cell. Carbon coated Al foils were placed on both sides to reduce
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the interfacial resistance. EIS measurements were carried out at 0.7, 6, 43 and 99
MPa.
Quasielastic neutron scattering (QENS) measurements of LMgZP solid electrolyte
were carried out using the Backscattering Silicon Spectrometer (BASIS)[281] at the
Spallation Neutron Source in the Oak Ridge National Laboratory, Oak Ridge, TN. ≈ 4
gm of powder sample was kept inside an aluminum foil sealable cylindrical aluminum
can providing a sample of 2 mm in thickness. QENS spectra were collected using
incident neutrons bandwidth centered at 6.4 Å. This configuration of the instrument
covers an energy range of ± 100 µeV providing a fine energy resolution of 3.7 µeV
and Q range of 0.2 Å−1 to 2.0 Å−1 . The sample was cooled down to 20 K to collect
the sample-specific resolution. All QENS data were collected on heating. We let the
sample stay at the desired temperature for 30 minutes to equilibrate before collecting
the QENS data. Mantid[282] and DAVE[283] software packages were employed for
the data reduction and analysis, respectively. In the QENS measurements, the overall
scattering intensity, I(Q, E), is the sum of an elastic incoherent scattering function [X1
(Q)], a delta function [δ(E)], a dynamics structure factor [S(Q,E)], and a background
term [B(Q,E)]. S(Q,E) is modeled to a function to represent the dynamic processes
after convolution with the instrument resolution, [R(Q,E)]. Therefore, I(Q, E) has
the following form.[284]

I(Q, E) = [X1 (Q)δ(E) + (1 − X1 (Q))S(Q, E)]R(Q, E) + B(Q, E)
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(6.1)

Like in many Lithium containing systems[285, 286], S(Q,E) was modeled to a
Lorentzian function to extract the width of the QENS spectra as,

S(Q, E) =

ΓQ
1
π Γ2 (Q)+E 2

(6.2)

where Γ(Q) is the half width at half maximum (HWHM) of the QENS signal. Γ(Q)
obtained from the analysis was further modeled to a jump diffusion model as[287],

HW HM (Q) =

Dt Q2
1+Dt Q2 τ0

(6.3)

From this model, self-diffusion coefficient (Dt ) and residence time (τ0 ) can be
obtained.

6.3

Results and Discussion

The high ionic conductivity, electrochemical and chemical stability with anode and
cathode, no electronic conductivity are the required properties of an ideal solid
electrolyte to enable high-performance ASSBs. Sulfide solid electrolytes have high
ionic conductivity but suffer from lower chemical stability with cathode and anode.
Garnets are the most stable SE materials in terms of chemical and electrochemical
stability with anode and cathode but have comparatively lower ionic conductivity.
State-of-the-art NASICON solid electrolytes have high ionic conductivity but they
suffer from electrochemical stability with Li-metal anode. However, there are many
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possible compositions available in the NASICON material family that have not
been investigated. I have revisited the NASICON material to develop a high ionic
conducting NASICON material. First, a Na-based NASICON was synthesized and
analysis was carried out to check whether the Na-based NASICON can host Liions in the Na-sites or not.
out as shown in the 5.

For this, electrochemical ion exchange was carried

We confirmed that Li-ions are readily exchanged with

Na-ions in the host crystal framework. A direct synthesis approach was taken to
synthesize Li-based NASICON with Li1+x Mgx/2 Zr2−x/2 (PO4 )3 . The XRD spectra
of the compositions synthesized are given in the Figure 6.1. NASICON materials
have five main poly-morphs: (1) Rhombohedral (2) Monoclinic (3) Triclinic and
(4) Orthorhombic. Among these, Rhombohedral has the highest symmetry which
allows for faster ion conduction due to larger bottleneck sizes and lower migration
energy. As seen in Figure 6.1a, all the synthesized DLMgZP crystallizes in monoclinic
symmetry with P2a∼n space group. Li content starting from 1.2 to 2 was synthesized
to check the possible phase change with increasing lithium content. However, all
the synthesized material was in monoclinic symmetry.

There is one report on

synthesizing Li1 .2Mg0.1 Zr1.9 (PO4 )3 in rhombohedral space group by Goodenough
et al. which showcases total Li-ion conductivity in the range of 10-5 S/cm which
falls short to the required ionic conductivity in SE. Additionally, the synthesis and
processing temperatures were quite high (1150 ◦ C) which increases processing cost.
The main reason for lower ionic conductivity even though having a rhombohedral
space symmetry is due to the lower mobile Li-ion concentration of the composition.
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A similar synthesis method cannot result in a rhombohedral symmetry if Li-ion
concentration is increased. So, we conclusively proved that direct synthesis of LMgZP
will result in lower symmetry with the rhombohedral crystal structure. An alternative
approach was taken to be able to accommodate a high concentration of Li-ions while
keeping rhombohedral symmetry.
NMgZP was synthesized using sol-gel synthesis with x ranging from 0.5 to 1. The
processing temperature of these materials is comparatively lower than traditional
solid electrolyte material synthesis which reduces the processing cost. Figure 6.1b,
shows XRD spectra of all the synthesized compositions for NMgZP. As seen from
the figure, all the synthesized NMgZP crystallizes in rhombohedral symmetry with
the R-3c space group.

No impurity phases were noticed for any compositions.

This showcases that this composition can be synthesized with Na as a cation in
rhombohedral symmetry. Similar to Na1+x Mnx/2 Zr2−x/2 (PO4 )3 (5), NMgZp crystal
structure parameter a increases and c decreases with increase in Na content from 1.5
to 3.
As the goal of the study was to increase the Li content in LMgZP while keeping
rhombohedral symmetry, Na3 MgZr(PO4 )3 (NMgZP3) was used for the chemical ion
exchange (CIE) process. Figure 6.2a shows a schematic of the CIE process with
some experimental parameters. The CIE was carried out on NMgZP3 for a different
amount of time ranging from 1 hour to 4 hours. All the powders went through the
same process of CIE and after drying, XRD spectra were collected for all of them.
As seen from Figure 6.2b, all the chemical exchanged samples retain rhombohedral
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(a)

(b)

Figure 6.1: XRD spectra of (a) direct synthesis of Li1+x Mgx/2 Zr2−x/2 (PO4 )3 with
x=0.2, 0.5 and 1 (b) Na1+x Mgx/2 Zr2−x/2 (PO4 )3 with x=0.5, 1, 1.5 and 2
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symmetry with possible space group modification from R-3c to either R-3 or R32.
No observable difference was noticed among the XRD spectra of CIE samples as
a function of time. This result demonstrates that the CIE happens readily in this
composition with LiNO3 salt at 300 C. The pristine XRD spectra shown in Figure
6.2b is for NMgZP3. The peak split at 19.8 2θ is one of the indicators of Li-ions
exchanging with Na-ions.
Thermal stability of NMgZP3 and LMgZP was carried out using high-temperature
XRD. Figure 6.3a, shows high temperature XRD spectra of NMgZP from 30 ◦ C to
850 ◦ C. As seen from the figure, NMgZP is stable for the temperature range analyzed.
No impurity phases were observed and the crystal symmetry at all the temperatures
analyzed was rhombohedral with R-3C space group. In the case of LMgZP, the
phase was not stable beyond 400 C (Figure 6.3b) showcasing lower thermal stability
of the CIE NASICON SE materials. The results limits densification of LMgZP SE
materials for Li-ion conductivity analysis which is generally carried out on a dense
pellet with blocking electrodes. The chemical exchange of Na with Li adversely affects
the thermal stability of this material.
SEM-EDS analysis was carried out on NMgZP3 and LMgZP materials. As seen
from Figure 6.4b, all the elements ((Na, Mg, Zr, P)) were present in the NMgZP
materials. Figure 6.4b, shows EDS spectra of LMgZP material. LMgZP material
still showed signals of Na in the material. The ratio of Na to Mg peak intensity in
NMgZP3 was approximately 2.3 which decreased to 0.3 in LMgZP material. This
showcases the removal of Na atoms from the NMgZP during the chemical exchange.
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(a)

(b)
1 g Na3MgZr(PO4)3
+
3 g LiNO3
mixed using
mortle-pestle

Na3MgZr(PO4)3

+

LiNO3

Molten salt
chemical ion-exchange
on hot plate at 300 °C
for x hours (1≤x≤4)

Centrifgure for
10 minutes
with DI water

Powder Drying

Figure 6.2: (a) Schematic illustration of chemical ion exchange process (b) XRD
spectra of Na3 MgZr(PO4 )3 and chemical exchanged NASICON material for 1, 2, 3
and 4 hours
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(a)

(b)

Figure 6.3: High temperature XRD spectra of (a) Na3 MgZr(PO4 )3 and (b) Liexchanged Lix Na3−x MgZr(PO4 )3
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NMgZP has a similar crystal structure to NMZP as analyzed in the 5. Thus, NMgZP
type of NASICON materials has two crystallite sites for Na+ ions denoted by M1
and M2 among which Na+ ions in M1 sites are immobile and M2 sites participate
in ion conduction. After chemical processing to LMgZP, Na+ ions in either and/or
both of these sites can be exchanged with Li+ ions. There are many ion exchange
possibilities such as (1) Li-ions displace Na-ions from the structure randomly (2)
Li-ions displaces Na-ions from just the mobile sites (M2) available in the structure
(3) or Li-ions displace immobile Na-ions in M2 site etc. The presence of Na-ions in
LMgZP seen from the EDS map suggests that all the Na cannot be extracted from
NMgZP3 during the chemical exchange. It is important to understand which sites are
exchange sites and which are active for ion migration in LMgZP. To understand the
active sites for chemical ion exchange, neutron diffraction measurement was carried
out on NMgZP3 and LMgZP materials using NOMAD at SNS. QENS measurements
were carried out at BASIS at SNS. The results show that the Li-exchanged materials
showcase extremely high Li-ion diffusivity. Figure 6.5a shows combined QENS spectra
and Figure 6.5b shows Full Width Half Maximum as a function of Q(Å−1 ). We were
seeing transnational diffusivity for the temperatures analyzed. QENS data were fitted
well using a single Lorentzian model function. The representative fitting of Half width
Half Maximum as a function of Q2 (Å−2 ) at 300 K, 550 K and 600 K are shown in
Figure 6.5c,d,e. The Li-ion diffusivity as high as 5.18 x 10−10 m2 s−1 was seen at
room temperature.
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(a)

(c)

(b)

(d)

Figure 6.4: (a) Crystal structure of Na3 MgZr(PO4 )3 , (b) EDS spectra of
Na3 MgZr(PO4 )3 (c) Crystal structure of Li-exchanged Lix Na3−x MgZr(PO4 )3 (d) EDS
spectra of Lix Na3−x MgZr(PO4 )3
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Figure 6.5: (a) QENS spectra of Lix Na3−x MgZr(PO4 )3 (b) FWHM as a function of
Q(Å−1 ). HWHM as a function of Q2 (Å−2 ) at (c) 300 K (d) 550 K and (d) 600 K.
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6.4

Conclusion

NASICON material family was revisited for identification of high-performance solid
electrolyte material. A direct synthesis approach was explored for the synthesis of
Li-ion based NASICON material with high Li-ion concentration which resulted in a
monoclinic space group. An indirect approach to synthesize high Li-ion concentration
solid electrolyte material was investigated via the molten-salt chemical ion exchange
process. Li-ions readily exchanges with Na-ions of Na3 MgZr(PO4 )3 crystal skeleton.
The Li-exchanged was confirmed with XRD and EDS map. The diffusivity of this
material was analyzed using BASIS with QENS analysis. Li-exchanged materials
showcase extremely high Li-ion diffusivity at room temperature. The exchanged
material decomposes beyond 400 ◦ C which limits the applicability of this material
in SSB applications. However, the NASICON material family has many possible
material compositions that have not yet been explored for SSB applications and this
work benchmarks the importance of the same to enable NASICON solid electrolyte
based high-performance all-solid-state batteries.
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Chapter 7
Optimization of Co-Sintering
Parameters for High Performance
Composite Cathode for Solid-State
Batteries
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7.1

Introduction

Solid-state battery (SSB) technology enables safe operation while increasing the
energy density of the battery for electric vehicle application.

A robust solid

electrolyte (SE) allows the use of Li-metal with 3861 mAh/g theoretical capacity
as the anode which enables high energy density of this battery systems[152].
Conventional LiBs have liquid electrolyte containing LiPF6 salt which has a lower
electrochemical stability window[288]. However, solid-electrolytes like garnets have
a higher electrochemical stability window (0 - 10 V) which allows integration of
high voltage cathode materials which increases power density capability of SSB
systems[289]. In conventional Li-ion batteries, cathode generally consists of active
material (AM), binder and conductive additives and cast on current collector[290].
The approximate porosity of cathodes in conventional LiBs is 30-35 %[290]. The
conventional LiBs are flooded with liquid electrolytes and the porous cathode is
completely flooded with liquid electrolyte providing an adequate ion conduction
network inside the cathode. However, in SSBs, SEs cannot permeate through the
cathode leading to poor ion conduction in the cathode which limits the cycling
performance of SSB. Thus, composite cathode architecture needs to be designed to
tailor specific needs[291, 292].
It is important to have sufficient electronic and ionic transport pathways inside
the composite cathode for adequate utilization of active materials.

A sufficient

three-phase boundary between SE, AM and electronic conductor(EC) are required
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for a higher active area for intercalation and deintercalation during cycling[10, 293].
Adequate three-phase boundary can be designed via optimization of size, morphology
and composition of SE, AM and electronic conductors in a composite cathode[291].
To date, limited studies have been carried out on optimizing these parameters for
a high-performance composite cathode[294, 291, 295, 119, 296]. Currently, LFSI or
LTFSI like salts are added to the cathode to provide ion conduction network[7, 297].
However, these salts are only conductive at elevated temperatures and pose risk
towards current collector corrosion and interphase formation[298]. Strauss et al.
showed small particle size of AM enhances cell performance with LPS SE and NMC622 cathode without any electronic conductors in the cathode[299]. Dixit et al.
showed that SE/AM volume ratio plays an important role in packing density and
active contact between SE and AM in composite cathode[10]. Nam et al. showed
that polymer binder and the small fraction of SE results in poor ionic conductivity in
NCM-622/argyrodite/Super C65/nitrile butadiene rubber composite cathodes[300].
Higher loading of AM leads to poor ion conduction in SE material leading to poor
rate capability in SE[301]. Even though there are many reports on ASSBs cycling,
almost all of them utilize very thin cathode (≈ 30 µm) which is will result in poor
energy density of the cell[81]. The composition used in these reports cannot be scaled
for a thick cathode that needs to be developed for commercial SSBs.
Anode | SE interface has been optimized in literature and symmetric cells with
lower than 10 Ω cm−2 resistance have been reported[229].

Thus, mainly SE |

cathode interface dominates the resulting rate performance and capacity fade. The
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solid-solid interface in the composite cathode and composite cathode | SE leads to
higher impedance in the cell[302]. The higher interfacial resistance in composite
cathode comes from poor three-phase boundary between SE/AM/EC[10, 293]. A
conventionally casted cathode will have 25- 30 % pores which leads to the inactive area
in the composite cathode which increases impedance and tortuosity of the cathode
Garnet SEs are a promising candidate for SE due to their high ionic conductivity
and wide electrochemical stability window[39]. NMC cathodes have shown the higher
capacity and the cycling voltage window is within the electrochemical stability window
of SE[303]. Thus, the co-sintering process was explored to optimize the composition
of cathode using Al-doped LLZO as SE and NMC622 as AM. Various composition
with various co-sintering temperature was analyzed to check the thermal stability
of AM/SE at various temperatures. The side reaction products are identified and
mitigated. The total resistance of the composite cathode is analyzed after co-sintering.
The results shown in this work can provide an initial guideline for the development
of high-performance SSBs.

7.2

Experimental

Commercial Al-doped LLZO (LALZO) was utilized as a SE for this study. Quality
of solid-electrolyte particle was analyzed using XRD and SEM-EDS as shown in
Figure 3.1, 3.2 and Table 3.1. For cathode materials, commercial NMC622 was used.
Chemical stability of solid-electrolyte and cathode while co-sintering was analyzed
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using XRD. 50-50 wt% of SE and cathode were mixed using a mortar pestle and
high-temperature XRD was carried out using the XRK900 sample stage. The mixed
powders were heated in the sample stage from room temperature to 800 ◦ C with the
increment of 100◦ C. XRD patterns were collected from 10◦ < 2θ < 70◦ with step
size of 0.016◦ . Thermal stability of SE and NMC622 were analyzed individually using
XRK900 stage with a similar protocol. For optimization of Li-loss during co-sintering,
LiOH was added to the SE + cathode mixture in specific ratios followed by pressing
and XRD was carried out similarly.
Ionic conductivity measurements were carried out using Electrochemical Impedance
Spectroscopy(EIS). SE and cathode powders were mixed using mortar pestle with
varying weight ratios. The mixed powders were pressed using the hydraulic press
in 1/2” die using 5 ton pressure for 5 minutes. The pellets were sintered inside a
box furnace and tube furnace on alumina crucibles. The pellets were polished and
XRD was carried out after annealing to check phase stability. The pellets were then
coated with fast-drying silver paste to make a symmetric ion blocking system. EIS
was carried out using the bio-logic instrument with a 10 mV bias.

7.3

Results and Discussion

The co-sintering composite cathode is a promising processing route to reduce
the number of pores (inactive area) in the cathode and have a better two-phase
boundary between SE and cathode active materials. However, thermal stability
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and compatibility of SE and cathode material at such elevated temperature must
be understood and certain parameters must be optimized in order to get a defect-free
and dense composite cathode material. In this study, I have utilized LALZO and NMC
SEs to identify their thermal stability individually and as a mixture. Additionally,
the effect of co-sintering temperature on the total resistance of the composite cathode
is also identified. Finally, lithium loss during co-sintering is analyzed and addressed.
To quantify the phase stability of LALZO SE, high-temperature XRD was carried
out using the XRK900 sample stage. Commercial LALZO powder was heated from
25 ◦ C to 775 ◦ C with 50 ◦ C step size. A high conductivity LALZO powder should
be in cubic symmetry with Ia3̄d space group. As seen from Figure 7.1a, the XRD
pattern at room temperature shows a pure cubic form of LALZO. As the temperature
increases and reached to 625 ◦ C, extra peak appears at 28.4◦ 2θ (Figure 7.1a). These
extra peaks were identified using ICSD and were confirmed to be La3 Zr2 O2 (LZO)
peaks. The Li deficient LZO forms at 625 ◦ C due to volatilization of Li from LALZO.
The intensity of the LZO peak keeps increasing as the temperature increases from
625 ◦ C to 775 ◦ C showcasing continuous volatilization of Li from LALZO SE. In
literature, this issue of Li-loss during annealing just the LALZO SE pellets at elevated
temperature is resolved by burying the SE pellets inside the LALZO motherpowder
with excess Li to compensate for the Li-loss. However, in this work, this method
cannot be utilized since the goal of this work is to make a dense-defect-free composite
cathode via co-sintering. Burying the composite cathode during co-sintering will
result in inter-diffusion of LALZO on the surface of the composite cathode resulting
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in non-uniform distribution of composite cathode constituents. Similarly, the thermal
stability of NMC622 cathode powder was carried out. As seen from the Figure 7.1b,
crystal structure of NMC622 is stable in the range analyzed (30 ◦ C to 800 ◦ C). It is
known that annealing NMC622 in an air atmosphere leads to cation-mixing which can
be identified using the peak ratios of (003) and (104) peaks. NMC622 has a layered
structure where there are layers of transition metal and layers of Li stacked on each
other. Similar radii of Li and Ni2+ leads to insertion of Ni2+ in the Li-layer which
is associated with oxygen release. This phenomenon is called cation mixing. It is
shown in the literature that cation mixing leads to faster capacity fade in a battery.
The ratio of (003) and (104) peaks at various temperatures is given in table 7.1. The
peak ratio decreases from 1.37 at 30 ◦ C to 0.89 at 800 ◦ C showcasing a significant
cation mixing. Since the measurements are carried out in-situ, it can also be due
to preferential orientation due to annealing. No Li-loss was observed in annealing
NMC622 cathode materials.
Chemical compatibility of LALZO and NMC622 during co-sintering is analyzed
using high-temperature XRD. For this analysis, LALZO and NMC622 powder were
mixed in 50-50 wt% using mortar pestle and mounted on the XRK900 sample stage.
The high-temperature XRD pattern is shown in Figure 7.2. As seen from the XRD
pattern, LALZO and NMC622 phases exist and stay stable till 600 ◦ C. At 800 ◦ C,
impurity phases start to show up denoting that the chemical decomposition happens
between 600◦ C and 800◦ C. Cation mixing and/or preferential orientation happens
during co-sintering as well as seen from the decrease of the peak intensity ratio of
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(a)


(b)

Figure 7.1: High temperature XRD of (a) LALZO and (b) NMC622.
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Table 7.1: Intensity ratio of (003) and (104) peaks during high temperature XRD
Temperature (◦ C)

(003)/(104)

30

1.37

100

1.30

200

1.23

300

1.18

400

1.12

500

1.06

600

1.04

700

0.94

800

0.89
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Figure 7.2: High temperature XRD of LALZO and NMC622 mixture with 50-50
wt%.
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(003) and (104). These results suggest that the densification of composite cathode
needs to be done below 800 ◦ C.
To analyze the effect of composition and co-sintering temperature on total
resistance and conductivity of composite cathode, pellets were made with varying
mixing ratios. Initially, three mixing ratios were analyzed i.e (1) 60:40 wt% (2) 70:30
wt% and (3) 80:20 wt% (NMC622:LALZO). SE and cathode powders were mixed
using ball milling with Yt-stabilized zirconia balls. XRD was carried out on the
powders after milling on all the powders. As seen from the Figure 7.3a, no impurities
were found using XRD denoting that the materials are chemically compatible with
each other at room temperature. Further, the mixed powders were pressed into
pellets for annealing. The pellets were annealed at 500 ◦ C, 600 ◦ C, 700 ◦ C for 24
hours separately in muffle furnace. After annealing, the pellet surface was polished
to remove surface impurities and pellets were analyzed using XRD. Figure 7.3b, 7.3c
and 7.3d shows XRD spectra collected on co-sintered pellets with varying composition
at 500 ◦ C, 600 ◦ C and 700 ◦ C respectively. As seen in the in-situ high-temperature
XRD, Li-deficient LZO peaks. As the temperature increases, the LZO peaks become
more prominent suggesting higher lithium volatilization. At 700 ◦ C, we start seeing
complete decomposition at noted from the in-situ high-temperature XRD at 800◦ C.
The same pellets were coated with silver paste on both faces to carry out EIS
measurement. EIS was carried out at a temperature ranging from 20 ◦ C to 70
◦

C in the steps of 10 ◦ C. AS seen from Figure 7.4, the composite cathode sintered

at 500 ◦ C showed the highest resistance among the three co-sintering temperatures
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analyzed. The total resistance of composite cathode was lowest at the co-sintering
temperature of 600 ◦ C and it again increased for 700 ◦ C. For all the temperatures, as
the LALZO content decreases from 40 to 30 wt%, the total resistance decreases. The
total resistance depends on the porosity and inactive side products in the cathode.
The high resistance in the samples sintered at 500 ◦ C can be annotated to the high
porosity in the samples. The increased resistance in 700 ◦ C, even though it has the
least pores, can be annotated to the inactive side products. The conductivity of the
samples sintered at 600 ◦ C showed the best performance due to optimized porosity
and minimal inactive products. Detailed area-specific total resistance values are given
in 7.2.
To confirm whether co-sintering induces cation-mixing or preferential orientation,
the pellets that were co-sintered at 600 ◦ C were crushed with mortar pestle and
XRD was performed on the powder. XRD spectra of the crushed powder are shown
in Figure 7.5a. The (003) and (104) peak ratios were actually approximately 1.2
for all the compositions which are similar to the pristine mixed powders showcasing
that there was no cation mixing during co-sintering. The variation in peak ratios,
when XRD was carried out on the pellets directly, is due to preferential orientation.
The composite cathode co-sintered at 600 ◦ C with 20 wt% LALZO showed the best
performance according to EIS (Figure 7.4). XRD spectra of the same samples showed
that there are LZO peaks present in the co-sintered cathodes (Figure 7.3). LZO side
products are mainly due to Li-loss during co-sintering. An optimization study was
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(a)

(b)

(c)

(d)

Figure 7.3: XRD spectra of (a) mixed powder with 60-40 wt%, 70-30 wt% and 8020 wt% of NMC622-LALZO; Co-sintered composite cathode with 60 - 40 wt% ,70-30
wt% and 80-20 wt% of NMC622-LALZO at (b) 500 ◦ C (c) 600 ◦ C (d) 700 ◦ C.
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(a)

(b)

(c)

(d)

(e)

(f )

(g)

(h)

(i)

Figure 7.4: EIS spectra of co-sintered composite cathode at 20 ◦ C, 30 ◦ C, 40 ◦ C,
50 ◦ C and 60 ◦ C. Composite cathode co-sintered at 500 ◦ C with (a) 60-40 wt% (b)
70-30 wt% and (c) 80-20 wt% of NMC622-LALZO. Composite cathode co-sintered at
600 ◦ C with (d) 60 - 40 wt% (e) 70-30 wt% and (f) 80-20 wt% of NMC622-LALZO.
Composite cathode co-sintered at 700 ◦ C with (g) 60 - 40 wt% (h) 70-30 wt% and (i)
80-20 wt% of NMC622-LALZO.
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Table 7.2: Total resistance analyzed from EIS at various temperature for co-sintered
composite cathode as a function of varying composition and sintering temperatures

Temperature, ⁰C

Total Resistance, Ω cm

2

60-40 wt%

70-30 wt%
500 ⁰C

80-20 wt%

20
30
40

85294
62995
46397

8189
6023
4461

1961
1467
1093

50
60

33812
24487

3367
2487
600 ⁰C

840
621

20
30
40
50
60

1208
1079
835
683
534

570
439
341
270
226
700 ⁰C

210
163
130
106
86

20
30
40
50
60

2592
1961
1565
1225
893

1431
1100
851
717
565

356
263
209
161
118

167

carried out to mitigate Li-loss by adding excess Li to the mixed powder before cosintering in the form of LiOH. Figure 7.5b shows the XRD spectra of the powders
crushed after co-sintering at 600 ◦ C with various amounts of excess Li. As seen, in
the case of 5 wt% excess Li, LZO peak intensity decreases compared to the samples
without excess Li, however not completely removed. At 7.5 wt% excess Li, the LZO
peak completely disappears showcasing the mitigation of Li-loss during co-sintering.

7.4

Conclusion

Unlike liquid electrolytes, solid electrolytes are not permeable and thus cannot flood
the cathode resulting in a poor ion conduction network in the cathode which limits
the rate performance and cyclability of the solid-state battery. Thus, A dense-defectfree composite cathode (active material, ion conductor and electronic conductor) is
required for solid-state batteries to accommodate good cycling performance. Here, the
co-sintering approach is studied for NMC622 as a cathode active material and LALZO
as an ion conductor for the development of dense-defect-free composite cathode. The
effect of co-sintering temperature and composite cathode composition on porosity and
chemical stability is analyzed using XRD, EIS and SEM. The results show that 80-20
wt% (NMC622:LALZO) co-sintered at 600 C shows the best performance with low
porosity. The Li-loss during the co-sintering for this composition at this temperature
can be mitigated by adding 7.5 wt% excess Li.
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(a)

(b)

Figure 7.5: (a) XRD spectra of the crushed powder after co-sintering at 600 ◦ C
with various amount of LALZO SE (b) Comparison of XRD spectra of co-sintered
cathode at 600 ◦ C as a function of excess LiOH
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Chapter 8
Conclusions
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All-solid-state batteries have attracted great attention over the recent years owing to
the promise of realizing high energy densities enabled through high-capacity metal
anodes. Li metal anodes can enable high-energy-density solid-state batteries (SSBs)
because of their low electrochemical potential (-3.04 V versus S.H.E.) and high theoretical capacity (3,860 mAh g1 ). There are still challenges that need to be addressed
and overcome for the successful commercialization of all-solid-state batteries. An
ideal solid electrolyte would have a very high ionic conductivity (10−2 S/cm) which is
chemically and electrochemically stable with anode and cathode and provides enough
strength for dendrite suppression. During my doctoral work, I have revisited the NASICON material family and explored novel ion-exchange techniques to develop high
ionic conductor solid electrolytes. Herein, we demonstrate Na1+x Mnx/2 Zr2−x/2 (PO4 )3
(NMZP) and Li-exchanged Liy Na1+x−y Mgx/2 Zr2−x/2 (PO4 )3 (LMgZP) as potential
solid electrolyte materials.

To mitigate failure due to dendrite formation and

propagation, I have developed an electrochemical strategy to remove these dendrites
from the bulk of solid electrolytes ensuring the safety of the SSB. During cycling
an SSB, it is possible that Li-metal can delaminate from the solid electrolyte due
to the generation and propagation of pores at the interface.

I have developed

an electrochemical strategy that uses the Joule heating principle to increase local
temperature near the vicinity of pores. This allows Li diffusion in these pores and
helps in making good contact at the interface. Both these electrochemical approaches
can enable faster formation steps and extension of cell durability of the solid-state
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battery. Finally, pathways and procedures to achieve scalable production of thinfilm, free-standing solid electrolyte films are reported. Overall, this thesis describes
several novel facets of the solid-state battery technology with regards to integration
and control and provides new materials development and processing strategies for
solid electrolytes. The results from this work are expected to inform the rational
design of high-performance solid-state batteries.
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Iñigo Garbayo,

Evelyn Stilp,

and

Jennifer L.M. Rupp. A low ride on processing temperature for fast lithium
conduction in garnet solid-state battery films. Nature Energy, 4(6):475–483,
2019. 12, 37
[74] Yong Seok Lee and Kwang Sun Ryu. Study of the lithium diffusion properties
and high rate performance of TiNb6O17as an anode in lithium secondary
battery. Sci. Rep., 7(1):1–13, 2017. 12

185

[75] Jakob Asenbauer, Tobias Eisenmann, Matthias Kuenzel, Arefeh Kazzazi, Zhen
Chen, and Dominic Bresser. The success story of graphite as a lithium-ion
anode material-fundamentals, remaining challenges, and recent developments
including silicon (oxide) composites. Sustain. Energy Fuels, 4(11):5387–5416,
2020. 12
[76] A. El kharbachi, Y. Hu, M. H. Sørby, J. P. Mæhlen, P. E. Vullum, H. Fjellvåg,
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[124] Renaud Bouchet, Sébastien Maria, Rachid Meziane, Abdelmaula Aboulaich,
Livie Lienafa, Jean-Pierre Bonnet, Trang N. T. Phan, Denis Bertin, Didier
Gigmes, Didier Devaux, Renaud Denoyel, and Michel Armand. Single-ion BAB
triblock copolymers as highly efficient electrolytes for lithium-metal batteries.
Nat. Mater. 2013 125, 12(5):452–457, mar 2013. 23
[125] Sathish Rajendran, Aparna Pilli, Olatomide Omolere, Jeffry Kelber, and
Leela Mohana Reddy Arava.

An all-solid-state battery with a tailored

electrodeelectrolyte interface using surface chemistry and interlayer-based
approaches. Chem. Mater., 33(9):3401–3412, 2021. 23
[126] Xue Zhang, Shuo Wang, Chuanjiao Xue, Chengzhou Xin, Yuanhua Lin, Yang
Shen, Liangliang Li, and Ce-Wen Nan. Self-Suppression of Lithium Dendrite in
All-Solid-State Lithium Metal Batteries with Poly(vinylidene difluoride)-Based
Solid Electrolytes. Adv. Mater., 31(11):1806082, mar 2019. 23, 62, 110
[127] David Kitsche, Yushu Tang, Yuan Ma, Damian Goonetilleke, Joachim Sann,
Felix Walther, Matteo Bianchini, Jürgen Janek, and Torsten Brezesinski. High
Performance All-Solid-State Batteries with a Ni-Rich NCM Cathode Coated by

196

Atomic Layer Deposition and Lithium Thiophosphate Solid Electrolyte. ACS
Appl. Energy Mater., 2, 2021. 23
[128] Long Chen, Wenxin Li, Li-Zhen Fan, Ce-Wen Nan, and Qiang Zhang.
Intercalated Electrolyte with High Transference Number for Dendrite-Free
Solid-State Lithium Batteries. Adv. Funct. Mater., 29(28):1901047, jul 2019.
23, 62
[129] Kecheng Pan, Lan Zhang, Weiwei Qian, Xiangkun Wu, Kun Dong,
Haitao Zhang, and Suojiang Zhang.

A Flexible Ceramic/Polymer Hybrid

Solid Electrolyte for Solid-State Lithium Metal Batteries.

Adv. Mater.,

32(17):2000399, 2020. 23
[130] Taoli Jiang, Pingge He, Guoxu Wang, Yang Shen, Ce-Wen Nan, and Li-Zhen
Fan. Solvent-Free Synthesis of Thin, Flexible, Nonflammable Garnet-Based
Composite Solid Electrolyte for All-Solid-State Lithium Batteries. Advanced
Energy Materials, 10(12):1903376, mar 2020. 23, 110
[131] Qing Zhao, Sanjuna Stalin, Chen-Zi Zhao, and Lynden A Archer. Designing
solid-state electrolytes for safe, energy-dense batteries.

Nature Reviews

Materials, 5(3):229–252, 2020. 24, 110, 136
[132] Fuzhen Li, Jingxuan Li, Feng Zhu, Ting Liu, Ben Xu, Tae Hoon Kim,
Matthew J. Kramer, Cheng Ma, Lin Zhou, and Ce Wen Nan. Atomically

197

Intimate Contact between Solid Electrolytes and Electrodes for Li Batteries.
Matter, 1(4):1001–1016, 2019. 24, 81
[133] Gebrekidan Gebresilassie Eshetu, Xabier Judez, Chunmei Li, Oleksandr
Bondarchuk, Lide M. Rodriguez-Martinez, Heng Zhang, and Michel Armand.
Lithium Azide as an Electrolyte Additive for All-Solid-State Lithium–Sulfur
Batteries. Angew. Chemie - Int. Ed., 56(48):15368–15372, 2017. 24
[134] Tan Shi, Qingsong Tu, Yaosen Tian, Yihan Xiao, Lincoln J. Miara, Olga
Kononova, and Gerbrand Ceder. High Active Material Loading in All-SolidState Battery Electrode via Particle Size Optimization. Adv. Energy Mater.,
10(1), 2020. 24, 27
[135] Jan Van Den Broek, Semih Afyon, and Jennifer L M Rupp. Interface-Engineered
All-Solid-State Li-Ion Batteries Based on Garnet-Type Fast Li + Conductors.
pages 1–11, 2016. 24
[136] Shang Sen Chi, Yongchang Liu, Ning Zhao, Xiangxin Guo, Ce Wen Nan, and
Li Zhen Fan. Solid polymer electrolyte soft interface layer with 3D lithium
anode for all-solid-state lithium batteries. Energy Storage Mater., 17:309–316,
feb 2019. 24
[137] Mengmeng Zhang, Peng Pan, Zhongling Cheng, Jieting Mao, Liyuan Jiang,
Changke Ni, Soyeon Park, Kaiyue Deng, Yi Hu, and Kun Kelvin Fu. Flexible,
Mechanically Robust, Solid-State Electrolyte Membrane with Conducting
198

Oxide-Enhanced 3D Nanofiber Networks for Lithium Batteries. Nano Lett.,
jun 2021. 24
[138] Fuming Du, Ning Zhao, Yiqiu Li, Cheng Chen, Ziwei Liu, and Xiangxin
Guo. All solid state lithium batteries based on lamellar garnet-type ceramic
electrolytes. J. Power Sources, 300:24–28, dec 2015. 24
[139] Ting Liu, Yibo Zhang, Xue Zhang, Lei Wang, Shi-Xi Zhao, Yuan-Hua Lin, Yang
Shen, Jun Luo, Liangliang Li, and Ce-Wen Nan. Enhanced electrochemical
performance of bulk type oxide ceramic lithium batteries enabled by interface
modification. J. Mater. Chem. A, 6(11):4649–4657, mar 2018. 25
[140] Fudong Han, Jie Yue, Xiangyang Zhu, and Chunsheng Wang. Suppressing Li
Dendrite Formation in Li2S-P2S5 Solid Electrolyte by LiI Incorporation. Adv.
Energy Mater., 8(18):1703644, jun 2018. 25, 62
[141] Yuanjun Shao, Hongchun Wang, Zhengliang Gong, Dawei Wang, Bizhu Zheng,
Jianping Zhu, Yaxiang Lu, Yong Sheng Hu, Xiangxin Guo, Hong Li, Xuejie
Huang, Yong Yang, Ce Wen Nan, and Liquan Chen. Drawing a Soft Interface:
An Effective Interfacial Modification Strategy for Garnet-Type Solid-State Li
Batteries. ACS Energy Lett., 3(6):1212–1218, 2018. 25
[142] Wei Luo, Yunhui Gong, Yizhou Zhu, Yiju Li, Yonggang Yao, Ying Zhang,
Kun (Kelvin) Fu, Glenn Pastel, Chuan-Fu Lin, Yifei Mo, Eric D Wachsman,
and Liangbing Hu. Reducing Interfacial Resistance between Garnet-Structured
199

Solid-State Electrolyte and Li-Metal Anode by a Germanium Layer. Adv.
Mater., 29(22):1606042, jun 2017. 25, 62, 82
[143] Fudong Han, Yizhou Zhu, Xingfeng He, Yifei Mo, and Chunsheng
Wang.

Electrochemical Stability of Li10GeP2S12 and Li7La3Zr2O12 Solid

Electrolytes. Advanced Energy Materials, 6(8):1501590, apr 2016. 25, 110
[144] Yuki Kato, Satoshi Hori, Toshiya Saito, Kota Suzuki, Masaaki Hirayama, Akio
Mitsui, Masao Yonemura, Hideki Iba, and Ryoji Kanno. High-power all-solidstate batteries using sulfide superionic conductors. Nat. Energy, 1(4):1–7, 2016.
25, 136
[145] Annan Chen, Conghang Qu, Yusheng Shi, and Feifei Shi.

Manufacturing

Strategies for Solid Electrolyte in Batteries. Frontiers in Energy Research,
8(September):1–18, 2020. 25, 26, 81
[146] Anton Neumann, Simon Randau, Katharina Becker-Steinberger, Timo Danner,
Simon Hein, Ziyang Ning, James Marrow, Felix H. Richter, Jürgen Janek, and
Arnulf Latz. Analysis of Interfacial Effects in All-Solid-State Batteries with
Thiophosphate Solid Electrolytes. ACS Appl. Mater. Interfaces, 12(8):9277–
9291, feb 2020. 29
[147] H. Schmalzried and Jürgen Janek. Chemical Kinetics of Phase Boundaries in
Solids. Ber. Bunsmges. Phys. Chem, 102:127–143, 1998. 29

200

[148] Yoshiyuki Gambe, Yan Sun, and Itaru Honma. Development of Bipolar Allsolid-state Lithium Battery Based on Quasi-solid-state Electrolyte Containing
Tetraglyme-LiTFSA Equimolar Complex. Sci. Rep., 5:10–13, 2015. 33
[149] Zhonghui Gao, Huabin Sun, Lin Fu, Fangliang Ye, Yi Zhang, Wei Luo, and
Yunhui Huang. Promises, Challenges, and Recent Progress of Inorganic SolidState Electrolytes for All-Solid-State Lithium Batteries. Advanced Materials,
30(17):1705702, apr 2018. 36, 110
[150] Paul Albertus, Venkataramani Anandan, Chunmei Ban, Nitash Balsara, Ilias
Belharouak, Josh Buettner-Garrett, Zonghai Chen, Claus Daniel, Marca Doeff,
Nancy J Dudney, Bruce Dunn, Stephen J Harris, Subramanya Herle, Eric
Herbert, Sergiy Kalnaus, Joesph A Libera, Dongping Lu, Steve Martin,
Bryan D McCloskey, Matthew T McDowell, Y Shirley Meng, Jagjit Nanda,
Jeff Sakamoto, Ethan C Self, Sanja Tepavcevic, Eric Wachsman, Chunsheng
Wang, Andrew S Westover, Jie Xiao, and Thomas Yersak. Challenges for
and Pathways toward Li-Metal-Based All-Solid-State Batteries. ACS Energy
Letters, 6(4):1399–1404, 2021. 36
[151] Kian Kerman, Alan Luntz, Venkatasubramanian Viswanathan, Yet-Ming
Chiang, and Zhebo Chen.
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